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CHAPTER I 
 
INTRODUCTION AND BACKGROUND 
 
All magnetic resonance imaging techniques offer tissue contrast with spatial resolution 
but provide limited information regarding the variation of the magnetic resonance signal 
that exists on a scale smaller than a voxel. The magnetic resonance signal arising from a 
heterogeneous tissue, such as spinal cord white matter, is the sum of signals from each 
tissue compartment within the imaging voxel. Analysis of this signal can better 
characterize the micro-anatomical heterogeneity tissue, white matter in particular. Many 
questions remain with regard to the compartmental contributions for the various types of 
magnetic resonance imaging (MRI) contrast. This project utilizes a variety of in vitro 
studies as well as simulations to better characterize the contribution of different water 
compartments to conventional MRI methods. Such an understanding of the complex 
combination of the various relaxation and exchange properties is important in developing 
an anatomical basis for interpreting magnetization transfer and T2 weighted images, 
particularly with respect to myelination. 
 
Myelin 
 
Structure 
 
 Myelin is an arrangement of Schwann cell or oligodendrocyte wrapped in a spiral 
fashion around a segment of axon and its plasma membrane contains phospholipids and 
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glycoproteins.  This membrane arises from its cell of origin as a cytoplasmic process that 
is then wrapped around the target axon. It is eventually compacted and looses the 
majority of its cytoplasmic content to form tightly wound membranous sheath 
comprising a series of alternating lipid and protein lamellae known as compact myelin. 
Isolated myelin is 70-85% lipid and 15-30% protein. Due to the high myelin content, 
white matter has relatively low water content (72%) compared to that of gray matter 
(82%).  
 Myelin is found in segments called internodes along the axonal fibers. The internodes 
are delineated on either side by unmyelinated sections called Nodes of Ranvier. Cat spinal 
cord nerves have been examined and internodal length varied from 0.3-1.5 mm for fiber 
diameters of 5-25 μm while nodal lengths were estimated from 0.4-4.4 μm [1]. The 
alternating internodes and Nodes of Ranvier aid in salutatory conduction of the signal 
along the axon. The myelin acts as a non-conducting envelope to surround the conducting 
axon and insulate it electrically from the external conducting medium of the intracellular 
space. 
 Myelin’s cell of origin differs depending on its location in the nervous system. In the 
central nervous system (CNS) oligodendrocytes may ensheath 30-50 internodes, while in 
the peripheral nervous system (PNS) a single Schwann cell ensheathes one internode. 
Schwann cell myelin in the PNS has been found to be thicker than oligodendrocyte myelin 
by up to 36% in all axon calibers [2].  In comparison, the periodicity of the 
oligodendrocytes is somewhat smaller and adjacent fibers have little surrounding space 
resulting in the sheaths commonly touching each other.   
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Figure 1.1 – Axon diagram for calculation of g-ratio 
 
 
 In mature nerve fibers, the thickness of the myelin sheath is thought to be related to 
its associated axonal fiber diameter, with larger axons having a thicker myelin sheath. The 
relationship between the axon size and its myelin thickness is called the g-ratio. This ratio 
is defined by measuring the axon diameter (d) and the myelin thickness, as seen in Figure 
1.1. The g-ratio is defined as d/D and is a useful tool to characterize the myelin/axon 
relationship within a specific neuronal tissue. Rushton [3] predicted optimal g-ratio of 
0.6 for energetically most efficient ratio. If this relationship is assumed to be constant, it 
implies that the thickness of myelin will vary linearly with local axonal diameters.  
 Results of g-ratio studies vary widely, but they fall broadly into several groups [4], 
regardless of the animal or nerve investigated; a) constant values of g-ratio for all fiber 
diameters [5-7], b) g-ratio rising with increasing fiber diameter and reaching a plateau [8-
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11], c) g-ratio continues to rise with increasing fiber diameter without a plateau [2], d) 
values of g-ratio smaller in larger fibers [12], and e) no correlation between g-ratio and 
fiber diameter [13].  
 The location of the fiber is also important when considering g-ratio measurements. The 
g-ratio has been found to be higher in the CNS (0.82) than in the PNS (0.78) in studies of 
the rat vagal nerve [2], cervical [14] and lumbar ventral motorneurons [15], as well as the 
ventral funiculus of cat spinal cord [16]. Fraher [14] found that the mean myelin sheath 
thickness and axon circumference are greater for peripheral than for central segments of 
several nerve fiber bundles in the spinal cord and ventral root. It has also been proposed 
that the nodal length is longer in the central than in the peripheral nerve fibers [17].  
 The spinal cord presents unique structural organization of central nervous system white 
matter. The peripheral regions of the oval-shaped spinal cord contain the well-organized 
white matter tracts surrounding a characteristic butterfly-shaped grey matter region. The 
parallel structure of the white matter tracts in the spinal cord facilitates analysis of their 
myelin properties. 
Longitudinal variation of the axon diameter in spinal cord roots has been established 
[18]. In this study, Lubinska, et al. found that the axon diameter is greater proximal to the 
cervical spine, suggesting that the diameter of the myelin sheath in the spinal cord is 
thickest proximally and tapers distally from its origin in the brain stem. Peripheral nerve 
tapering has also been studied and axon perimeter was found to be significantly greater 
proximally than distally for the rat phrenic nerve [12]. It can be concluded that fibers 
taper in their un-branched course, and its been shown that the degree of diameter 
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reduction and it abruptness vary from one animal to another. If the g-ratio is assumed to 
be dependent on the axon calibers, this suggests that it will be characteristic of the spinal 
cord location.  
In addition to the longitudinal variation along the length of the spinal cord, variation 
within the transverse plane is also of interest. Although Schwartz et al. [19], as well as 
others [20, 21], have found no left-right differences between regions of interest (ROI’s) in 
different spinal tracts, transverse in-plane variation of axonal size has been suggested [18]. 
The configuration of the white matter (WM) tracts in the spinal cord, as well as the 
postulated variation of myelin thickness, provides motivation for further study on the 
relationship between axon diameter and myelin thickness. 
 
Fixation of Neural Tissue 
 Although the gluteraldehyde/osmium fixation is the most widely used for neural tissue 
preservation [19, 22], tissue fixation is known to change the cellular properties and no one 
method is beneficial for both axon and myelin preservation. Histological measurements of 
fiber size will be affected by fixation procedures. A major source of error when 
attempting quantitative measurements on histology is tissue shrinkage. Van Harreveld, et 
al. [23] observed on cerebral cortex of mouse that fixation by gluteraldehyde perfusion 
results in a transport of extracellular material into cellular elements. In the following 
osmium treatment, extracellular space is again created. Despite this redistribution, 
Hildebrand and Muller found myelin sheaths decreased by 3.7% in thickness during 
primary gluteraldehyde fixation in feline white matter [24]. Due to the higher water 
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content in the intra- and extra-axonal space, the shrinking of the two compartments is 
expected to be unequal. Despite these effects, the Karnovsky [25] fixation technique is 
the most widely used and provides a good preservation of axon/myelin coherence [26].  
The structure of the myelin sheath and its relation to the axon establish a heterogeneous 
environment on a microscopic level. The high lipid, low water content of myelin and the 
contrasting high water content of the intra- and extra-axonal space establish contrasting 
compartments. The potential variation in the myelin thickness and axon diameter 
characteristic of specific white matter tracts in the spinal cord provides an exceptional 
system to examine how the microscopic properties influence the magnetic resonance 
(MR) signal.  
 
Nuclear Magnetic Resonance (Haacke, E.M. 1999)  
The principles of nuclear magnetic resonance (NMR) [27, 28] have been exploited in 
MRI so that NMR signals can be localized in space allowing creation of images [29].  
Hydrogen, 1H, is the most abundant nuclei in the human body and it exhibits nuclear 
magnetic resonance, existing mainly within water molecules. This allows MRI to visualize 
the water in the body. The NMR signal is sensitive to the physical and chemical 
environments of the tissue, not only the local water density. This allows manipulation of 
the signal based on several NMR parameters. The two parameters of interest for this 
dissertation are the transverse relaxation time (T2) and magnetization transfer (MT). 
Manipulation of imaging parameters can allow the image intensity to be controlled.  
Generation of images based on either T2 or MT characteristics allows differences in these 
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parameters to be examined. 
 
Fundamentals of NMR 
 The water molecule contains two hydrogen nuclei, which are simply protons. The 
charge of these 1H’s results in a net magnetic moment that can be manipulated by an 
external magnetic field. Exploring the interaction of the 1H’s magnetic moment with a 
static magnetic field will aid in the understanding the principles of NMR. 
 The charged proton possesses an intrinsic property known as angular momentum. A 
net magnetic moment results at thermal equilibrium for a population of spins. This net 
magnetic moment is called the net magnetization or Mo and is aligned with the static 
magnetic field, Bo. This net magnetization is manipulated and observed in an NMR 
experiment. 
 In an NMR experiment, there is a static magnetic field, as well as a time-varying 
magnetic field, B1. This time-varying B1 is oscillating with an angular frequency rf  in the 
plane normal to Bo, where rf refers to the radio-frequency. In the presence of the total 
magnetic field (Bo + B1), a magnetic moment precesses. The precession will occur about 
the axis of the total magnetic field and is described by  
 
dM
dt = M B.     [1.1] 
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If the static magnetic field defines the z-axis of the coordinate system, the total magnetic 
field can be written as 
 
B = B1 cos rf t( )ˆ i +B1 sin rf t( )ˆ j +Bo ˆ k .   [1.2] 
 
When there is no time-varying magnetic field, B1=0, the solution of Eq. [1.1] is 
 
MT t( ) = Mx t( ) + iMy t( ) = MT 0( ) cos ot( ) + i  sin ot( )[ ], 
Mz t( ) = Mz 0( )              [1.3] 
 
where the MT refers to the magnetization in the transverse, or xy-plane. Where, 
 
o  Bo                 [1.4] 
 
defines the Larmor frequency of precession. This is the frequency at which the angular 
momentum vector precesses about Bo with no external forces. 
 In the situation of an NMR experiment external radio frequency pulses are applied to 
manipulate the magnetization vector, B1  0. To simplify the situation where B1 is 
applied, an axis transformation is performed to align with the B1 field equating rf and o. 
The result is a coordinate system that rotates around the z-axis at the same rate as MT at a 
frequency equal to o. In this reference frame, referred to as the rotating frame, the B1 
 9 
appears stationary. This rotating frame is aligned with the previously described axes, the 
laboratory frame, at the origin and rotating around the common z-axis.  
 The phase-angle between the rotating x-axis and B1 is , and the difference between the 
Larmor and rf frequencies, (o-wrf), is . The net magnetic field after transforming to the 
rotating frame is  
 
B = Bx
ˆ i +By
ˆ j +Bz
ˆ k ,     [1.5] 
 
where 
 
Bx = B1 cos() =  1 ( )cos()
By = B1 sin() =  1 ( )sin()
Bz = Bo  
 rf
( ) = o ( ) +  rf ( ) = 
.      [1.6] 
 
To describe the motion of the magnetization vector in the rotating frame, 
 
dM
dt
=
˙ M x
˙ M y
˙ M z
 
 
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Relaxation 
 In addition to the rotation, the net magnetization vectors also experiences the effects of 
interactions with their physical environment and with each other. If a group of spins is 
not in equilibrium, the spins’ energy will transfer to the physical environment, also called 
the lattice, in order to return to equilibrium. The restoration of the net magnetization along 
the z-axis is referred to as spin-lattice or T1relaxation. As equilibrium is restored, Mz will 
approach Mo and MT will decay to zero. There are two main causes for this decay of the 
transverse magnetization. The first is directly related to the growth of the net 
magnetization along the z-axis and due to the spin-lattice relaxation. The second involves 
the effects between spins. The longitudinal relaxation of the magnetization vector, M, in 
the absence of B1 is described by 
 
dMz
dt
=
(Mo Mz )
T1
Mz = Mo + Cz exp  t T1( )
,    [1.8] 
 
where Cz is a constant of integration.  
 The magnetic moment of each nucleus contributes to the local magnetic field causing the 
net magnetic field at any point in space proximal to a group of spins to be the sum of Bo 
and the local magnetic field. As a result, each spin experiences a slightly different magnetic 
field and, according to Eq. [1.4], will precess at a slightly different frequency. This 
difference in resonant frequencies causes a loss of phase coherence among the spins and 
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therefore a decrease in the net transverse magnetization. Molecular motion is an important 
factor in the mechanism of spin-spin relaxation because the more a nuclei moves, the 
greater number of magnetic fields it will experience over time. This tends to average out 
the effect of local field variations. 
 In addition to molecular movement, transverse relaxation is also caused by interactions 
between spins. The net loss of the transverse magnetization components is called 
transverse relaxation, giving rise to an exponential decay of the transverse magnetization. 
This is described as 
 
dMx
dt
=
Mx
T2
dMy
dt
=
My
T2
,     [1.9] 
 
and, 
 
Mx = Cx exp  t T2( )
My = Cy exp  t T2( )
,     [1.10] 
 
where T2 is the transverse relaxation time. Incorporating these descriptions of relaxation 
into the magnetic moment equations results in the Bloch equations: 
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Figure 1.2 – Diagram of water exchange in white matter 
dM
dt
=
˙ M x
˙ M y
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Multiexponential T2 
The MR signal of a heterogeneous voxel is influenced by the individual properties of 
each constituent environment. The micro-environment of spinal cord WM includes two 
distinct water pools, the water trapped between the myelin bilayers and the water in the 
intra- and extra-axonal space. A diagram of these two water compartments is shown in 
Figure 1.2 where the kmie represents the diffusion of water molecules from the myelin to  
 
 
 
 
 
 
 
the intra- and extra-axonal compartments and kiem represents the opposite path of 
diffusion. The MR signal expected from a WM voxel is the sum of the two components’ 
individual signals described by  
 
SWM = Mo
myee
TE
T2
mye
+ Mo
iee
TE
T2
ie
,    [1.12] 
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where Mo
mye  and T2
mye  are the signal contribution and T2 of the myelin and Mo
ie  and T2
ie  are 
the signal contribution and T2 of the intra- and extra-axonal compartment. Equation 1.12 
holds if the compartments are in slow exchange. 
 
Effect of Water Exchange on MET2 
The measured MET2 signal is a reflection the local molecular structure as well as 
motion within a heterogeneous tissue. Observation of unique relaxation times depends on 
the Brownian motion of the 
1
H’s within and between tissue compartments. These WM 
spins can exist between the myelin bilayers or in the intra- or extra-axonal space. The 
time spent within a certain compartment is defined as the lifetime. The effects of spin 
exchange between compartments has been explored by Woessner [30] based on 
simulations performed by Zimmermian and Brittain [31] using a general case for 
biexponential relaxation. Application of this theory to the biology of spinal cord WM is 
useful in the examination of the effects of water exchange on the MET2 signal expected 
from rat spinal cord in vitro. With the presence of water exchange between the 
compartments, the measured WM signal from Eq. [1.12] is 
 
MT (t) = Mo
' iee
TE
T2
'ie
+ Mo
'myee
TE
T2
'mye
,   [1.13]  
 
where the prime symbols signify the apparent (or observable) relaxation times and signal 
fractions. These can be related to the inherent properties of the spins [30] to examine the 
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Figure 1.3 – A) MET2 relaxation curves incorporating the effects of water 
exchange for spinal cord WM and B) corresponding MET2 spectra following 
NNLS decomposition. Mo
mye
 was set at 0.2, Mo
ie
 was 0.8, T2
mye
 and T2
ie
 were 
effects of exchange on the observed signal. The results of numerical simulations are 
shown in Figure 1.3. The lifetime of the spins in the intra- and extra-axonal space, ie, is 
gradually decreased, simulating faster water exchange between the myelin and intra- and 
  
extra-axonal compartments. The faster water exchange results in a decrease in the T2
'mye  
and a concomitant decrease in Mo
'mye . When the ie is decreased to a value T2'mye , the 
myelin component is not detected (red line). These simulations demonstrate that in the 
presence of fast exchange the apparent relaxation decay curve can differ significantly. 
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Figure 1.4 – Diagram of water exchange and magnetization transfer in white 
matter 
Magnetization Transfer  
 The longitudinal magnetization is also influenced by a mechanism known as 
magnetization transfer (MT). MT is the MR phenomenon in which spins in two or more 
distinct environments exchange their magnetization via cross-relaxation and/or chemical 
exchange. In a two-pool tissue model protons may exist in a highly mobile liquid state 
associated with water (free pool comprised of intra-axonal and extra-cellular space) or in 
semisolid macromolecular sites, of relatively restricted motion, such as protein matrices or 
cell membranes (macromolecular pool of myelin). Figure 1.4 builds on the previous idea of 
water exchange related to T2 to incorporate the magnetization transfer occurring in WM  
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between the free and macromolecular pools. The four pools pictured on the left in Figure 
1.4 can be simplified into two pools for the case of MT as shown on the right. The dipole 
interactions leading to energy transitions described previously constitute this 
phenomenon. These dipole interactions don’t necessarily need to be between water 1H 
nuclei, but can also involve a wide range of 1H nuclei from larger and less mobile 
molecules. Although these protons exhibit a transverse relaxation time too short to  
observe directly with MRI, they influence the magnetization of water 1H through an  
exchange of magnetization. An off-resonance rf pulse can be applied to saturate the 
protons associated with the macromolecular pool. Following this pulse, the saturated 
macromolecular protons interact with the free proton pool via dipole coupling and/or 
chemical exchange. This causes a decrease in the MR signal in areas of macromolecules 
affected by magnetization transfer. 
 
Measurement and Signal Analysis 
 
 
 
Image Generation 
 The application of an rf pulse (B1) results in the net magnetization, M, to rotate from 
the z-axis through some angle, called the tip-angle. This rotation of the M vector is 
governed by Eqs. [1.5] and [1.6].  If this tip-angle is 90o, the M vector will rotate into the 
transverse plane. The phase angle, , defines the axis to which B1 is aligned in the rotating 
frame if the off-resonance frequency is zero ( = 0). The typical rf excitation pulse refers 
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to a 90
o
 B1 pulse with  of 0 so that it is aligned along the x-axis. The result of such a 
pulse is to rotate the M vector from the z-axis to the –y-axis.  
 The net magnetic moment, M, will produce a signal when this B1 pulse is applied using 
hardware called an RF coil. This coil can also be used to receive the signal given off by 
the oscillating M due to the principle of reciprocity. The signal is received in the form of 
an oscillating magnetic field, inducing a current in the coil. This current does not contain 
any spatial information about M. In order to obtain spatial information about the sample, 
magnetic fields that vary spatially called magnetic gradients are added to Bo. In order to 
obtain 3-dimensional spatial information, three orthogonal magnetic field gradients are 
applied along the x,y,and z-axes in the laboratory frame. The images for this dissertation 
were acquired using the technique called spin-warp imaging [32]. This method begins 
with slice selection, followed by phase encoding, and then read encoding to obtain 
information from the three axes. 
 Slice selection is achieved by turning on one of the three gradients, called the slice 
gradient, in conjunction with the B1 pulse. The B1 pulse is applied over a wide range of 
frequencies, defined by the rf bandwidth. The result of the slice gradient is that the spins’ 
resonant frequencies will vary based on their location within the ‘slice plane’. The rf 
bandwidth of the slice gradient limits the excitation of the B1 pulse to those spins in the 
slice containing resonant frequencies within this bandwidth. The read encoding is 
accomplished by acquiring the resonance frequencies across the slice in one direction by 
applying another gradient, the read gradient, resulting in a limited bandwidth signal that 
maps the spins to the spatial domain in the read direction. The phase encoding is achieved 
by applying a pulsed gradient before acquisition that temporarily changes the frequencies 
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linearly across the phase direction. This results in a spatially dependent phase for each 
spin. The repeated application of the slice, read, then phase-encoding gradients with 
varying amplitudes of the phase-encode gradient will result in a signal reflecting the 
spatial location of the spins based on its frequency and phase of precession. An array of 
data (K1xK2) with K1 corresponding to the number of phase encoding steps and K2 
corresponding to the number of samples per acquisition will be acquired.  This data can 
be Fourier transformed to produce an image. 
 
Measuring T2  
 According to the Bloch equations, MT decays exponentially at the rate of 1/T2. In 
practice, simply measuring the decay of MT will not result in an accurate estimate of T2. 
This obstacle is due to inevitable static field inhomogeneities that cause spins to precess 
at different rates. The effects of these inhomogeneities result in the observed MT to decay 
at a more rapid rate called T2
*. This can be corrected by using a specific method of signal 
acquisition called a spin-echo sequence.  
 The spin-echo sequence begins by first exciting the spins into the transverse plane using 
a 90o rf pulse. This is then followed by a waiting period of SE to allow for dephasing. 
After the time  SE  has elapsed, a 180o rf pulse is applied flipping all of the magnetization 
in the transverse plane and effectively reversing their phase. At a time of 2 SE an echo 
will form. This time of 2 SE is referred to as the echo time (TE). This refocusing can be 
applied many times to create an echo train and is called the Carr-Purcell (CP) method 
[33].  This method was modified by Meiboom-Gill (MG) [34] to establish the CPMG 
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Figure 1.5 – Multi-echo, single-slice pulse 
method of measuring T2. The measured echoes from the CPMG sequence can be fitted to 
an exponential decay, 
 
MT (nTE ) = MT (2n SE ) = Mo exp 2n SE T2( ) ,   [1.14] 
 
where n is the echo number and TE = 2 SE.  
 In practice, the spin-echo approach still suffers from Bo and B1 inhomogeneities, 
preventing perfect refocusing pulses. In the case of an imperfect B1, the rf pulse will not 
effectively rotate all spins in the sample. When the refocusing pulses are not perfect, the 
echo decay is corrupted, causing inaccurate estimation of T2. These imperfections must be 
removed in order to achieve accurate T2 measurements. The application of gradient 
spoilers was used in the presented work to remove the unwanted magnetization from the 
multi-echo pulse sequence. Each rf refocusing pulse is surrounded by two identical 
gradient pulses causing the spins that experience a perfect 180o pulse to be rephased by 
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the second gradient and the spins that experienced an imperfect 180o pulse to be dephased 
and not contribute to the echo [35, 36]. Using these gradient pairs in multi-echo imaging, 
the strengths and/or direction must be adjusted to avoid undesirable rephasing of 
magnetization by subsequent gradient pairs. A composite 90x-180y-90x RF pulse was 
used in the multi-echo imaging in this work [37] to more effectively refocus magnetization 
in the presence of B1 and Bo inhomogeneities. The multi-echo, single slice sequence used 
to acquire multiexponential T2 data can be found in Figure 1.5. 
 
Fitting of T2 Data 
 In a simple scenario when a sample is homogeneous, the T2 fitting process is 
straightforward. As discussed previously, the microenvironment in white matter is 
heterogeneous on a subvoxel scale resulting in a multiexponential T2 decay. This 
multiexponential transverse decay makes a monoexponential model unfit for estimating 
the T2 of white matter. The various environments for water to exist in white matter 
requires the signal from white matter be fit to more than one T2 component. The preferred 
method is to fit the signal decay to an unspecified number of exponentials using the non-
negative, least-squares (NNLS) method [38, 39]. This fitting technique uses the NNLS 
method to fit to a range of T2 values resulting in a T2 spectrum given by the solution of  
 
y=AS      [1.15] 
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for S where y is an N-element column vector of the measured echo amplitudes and A is an 
NxK matrix of all possible exponential terms.  The variable A is described as 
 
  
A = exp
(to To) (to T1) L (to Tk )
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where S is the T2 spectra and y is a particular vector of multi-echo data. A minimum 
energy constraint is incorporated into an (N+K)xK A matrix as a KxK diagonal sub-
matrix of terms : 
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   [1.17] 
 
[38, 40]. The raw data vector, y, is then padded with zeroes to the dimensions of 
(N+K)x1. The scalar  must be adjusted iteratively until the fit is statistically satisfactory, 
a condition determined by the 2 statistic. It can be used to adjust the continuous fit based 
on a restriction to the T2 distributions. This requires the most appropriate solutions to be 
the simplest (least complex). This term forces neighboring points in the T2 spectrum to be 
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close to each other and rejects solutions with a large number of peaks. The  essentially 
smoothes the T2 distribution as the cost of the 2 misfit, altering the discrete 
characteristics of the basic least squares solution. If the 2 is too small, the data will be fit 
too accurately and structure that is merely an artifact of the noise will be evident. 
Conversely, if the 2 is too large, the data are not fit closely enough and information will 
be lost. If  is chosen carefully, a more robust fit will result in the presence of noise [41]. 
This can provide smooth solutions that better represent the T2 distribution from the tissue 
microstructure.  
 
Magnetization Transfer Measurement  
 The macromolecular pool’s transverse relaxation is extremely fast compared to that of 
the free liquid pool. Another way to think of this is that the macromolecular 
1
H 
absorption line width is much broader than the absorption line width of the free 
1
H. It is 
possible to take advantage of this by applying a B1 pulse with a large  (far off 
resonance) to affect the macromolecular pool more than the free pool. The general 
approach to quantifying MT is to apply such a B1 field off resonance that will rapidly 
saturate the magnetization of the macromolecular pool. Image contrast based on MT can 
be obtained by taking the ratio of the magnetization with and without the off-resonance 
saturation pulse (magnetization transfer ratio, MTR.) These measurements are sensitive 
to the effects of dipolar interactions and chemical exchange between the free pool and the 
macromolecular pool, but are highly scanner-dependent. In addition, the line-shape of the 
macromolecular pool must be known [42].  
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Quantitative magnetization transfer (qMT) methods have been developed by various 
groups [42-46]. A particular method proposed by Gochberg and Gore [47], uses a 
modification to Gochberg’s original spectroscopy sequence [48] to enable imaging of the 
sample.  It allows measurement of physical parameters such as size of macromolecular 
pool and spin exchange rates between the pools (Rfm and Rmf), as well as directly 
quantifying free water protons. This qMT sequence uses the method of selective 
inversion recovery (SIR) to selectively invert the free pool 
1
H using only low power 
pulses. As the free and macromolecular pools undergo dipole interactions and/or 
chemical exchange, the addition of the macromolecular pool’s magnetization to the 
inverted free pool has a substantial impact on the recovery of the signal. The resulting 
signal is biexponential function fit to  
 
Mf (t)
Mf
= bf
+ exp R1+t( ) + bf exp R1t( ) +1,   [1.18] 
 
where 
 
2R1
+ = R1 f + R1m + k fm + kmf ± R1 f  R1m + k fm  kmf( )
2
+ 4k fmkmf
bf
± = ±
M f (0)
M f
1[ ] R1 f  R1±( ) + M f (0)M f 
M m (0)
M m[ ]k fm
R1
+  R1
,  [1.19] 
 
where R1
-
 and R1
+
 are the slow and fast recovery rates with amplitudes bf
-
 and bf
+
. The 
subscripts f and m refer to the free and macromolecular proton pools, respectively.  Mf(t) 
and Mm(t) are the longitudinal magnetizations at time t whose equilibrium values are 
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Figure 1.6 –pulse sequence used to acquire quantitative magnetization 
transfer data. 
Mf  and Mm . The R1 values are the longitudinal relaxation rates when no MT exists 
between them.  kfm is the MT rate from the free to the macromolecular pool, kmf is the 
reverse rate, and 
k fm
kmf
is the pool size ratio (PSR) [49]. At the end of each repetition, both 
the macromolecular and free water pools have a longitudinal magnetization, Mz, of zero. 
The Mf is nulled due to a 90
o
 pulse along with a series of refocusing 180
o
 pulses 
preventing any T1 recovery. The spins of the macromolecular pool are nulled because 
they are not affected by the low-power 90
o
 pulse, but are pulled toward the nulled Mf by 
the MT effect. If the Mf  are held at zero for a certain time period, the Mm will be nulled 
[47]. Another benefit of this method is that the analysis is independent of the 
macromolecular pool line-shape. A pulse sequence diagram can be found in Figure 1.6.  
The qMT method proves to be a useful tool to examine the micro-anatomical 
characteristics of myelin.  
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MRI of White Matter 
 Magnetic resonance imaging is a common method for quantification of white matter 
properties in the central nervous system. Multiexponential T2 decay has been consistently 
demonstrated in WM of the spinal cord [50-52]. The fitted Mo values can be normalized 
to sum to one, resulting in an estimate for the relative signal fraction arising from each 
component. The normalized Mo of the component arising from the myelin compartment 
is referred to as the myelin water fraction (MWF). Minty et al. [52] found two T2 
components in excised and in vivo human spinal cord at 3 Tesla, revealing a myelin T2 = 
16 ms and a relative myelin fraction of 30.7%. This estimate of the MWF is substantially 
higher than those made in guinea pig spinal cord [50] or bovine brain [53], but they do 
agree with similar measures in bovine optic nerve, 32% ±  3% [54] and in vivo 
measurements of human cervical spine, 26.8% ±  2% [55]. The variation of the MWF 
based on the longitudinal location in the human spinal cord in vivo is still unresolved. It 
has been demonstrated to vary [51, 56], but the results conflict with the axon/myelin 
relationship proposed by Lubinska [57].   
The biological basis of both MT and MET2 imaging methods has been previously 
studied [50, 58-63].  Those examining the MT of white matter reveal a parallel between 
inflammation and changes in the MT parameters [58-60], indicating inflammatory-related 
changes are at the root of MT measurement changes.  The underlying myelin 
characteristics have also been related to MET2 measurements, and there is good evidence 
that the short T2 component is proportional to the amount of myelin in the tissue [50, 61-
63].  The MWF has been found to consistently decrease with demyelination and 
corresponding increase in water content [61, 63-65]. Knowledge of the specific origin of 
 26 
the MWF and quantitative MT (PSR) measurements could elucidate the physiological 
characteristics of the tissue being imaged, aiding in diagnosis and monitoring of disease 
treatment. 
Exploration of the covariance between the MWF and MTR [58, 61] as well as between 
MWF and PSR [58, 61, 64, 66-68] in white matter has been done with varying results.  A 
complete lack of correlation was found by Gareau [58], Vavasour [61], and Laule [68], 
indicating these MR methods are measuring different attributes of the myelin 
microstructure. Studies have shown that MET2 in animal models are more specific than 
the MT measurements in indicating the myelin content in tissue [58, 69-71]. The 
composite nature of the MT measurement may explain the lack of correlation found with 
the MET2 results. A significant correlation coefficient may be seen with a larger sample 
size or more quantitative measures of MT. It is hypothesized that knowledge of the 
relationship between the MET2 measurements and quantitative MT measurements could 
elucidate the physiological basis of each respective technique. 
 The presented study aims to quantify the MR characteristics of excised rat spinal cord, 
with specific interest in the MWF, as well as the qMT property of PSR and relate these 
results to the myelin characteristics determined by quantitative histology. It is 
hypothesized that the myelin content measurements based on MET2 imaging are not only 
a reflection of the myelin water fraction in the region of interest, but are also related to 
the local myelin thickness.  As the myelin thickness increases, the restriction of the 
myelin-associated spins will increase. This increase in myelin thickness will limit the 
exchange between the two compartments therefore improving the accuracy of the MWF 
estimate. 
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CHAPTER II 
 
SIMULATIONS FOR OPTIMAL MET2 MEASUREMENT 
 
 
Introduction 
 
Magnetic resonance imaging serves as a modality for the investigation of white matter 
in the nervous system. One of the primary goals of a well-conducted MRI experiment is 
to obtain enough signal relative to the noise (as measured by the ratio of voxel signal to 
the noise standard deviation, or the signal to noise ratio, SNR) to examine the tissue of 
interest. The noise present in an image depends on the imaging parameters of the 
experiment. The term imaging parameters refers to those factors that can be chosen in an 
experiment and are not intrinsic properties of the sample. These include factors such as 
TR, TE, sweepwidth (SW), number of averages (Naq), as well as voxel and matrix sizes.     
The NMR signal from heterogeneous tissue such as white matter is the spatial sum 
over the microstructures existing in the voxel defined by the spatial encoding and allowed 
by the SNR. The T2 of white matter in the nervous system has been characterized using 
multiexponential analysis [1-9]. These studies have identified two major exponentials 
present in the T2 decay for white matter. The component with the longer T2 is believed to 
originate from the intra and extra-axonal water, while the component with the shorter T2 
originates from the myelin water. Quantification of the MET2 behavior in WM could 
provide insight into pathologies that result in alterations to neural microanatomy, 
including demyelination. 
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 In order to quantify MET2 arising from the microscopic compartition of water in WM 
the pulse sequence for multi-echo (ME) imaging must be optimized. The accuracy of 
MET2 quantification using MRI has been addressed in several publications [10-13] which 
identified sources of error and proposed pulse-sequence solutions. The common 
conclusion of these studies was that accurate measurement of MET2 is complicated by the 
inability to generate precise RF refocusing pulses as well as static and B1 field 
inhomogeneities. These errors can be addressed by using broadband RF refocusing pulses 
or even composite hard pulses that are designed to further improve the accuracy of 
refocusing in presence of B1 and Bo spatial variation [14, 15]. However in most imaging 
situations the refocusing is far from perfect, creating unwanted signal, which can be 
eliminated using spoiler gradients such as those proposed by Poon and Henkelman [13]. 
The theoretical requirements of these gradients to successfully eliminate all unwanted 
signal often surpass the capabilities of the gradient coils, often imposing limitations on 
the imaging parameters. 
Obtaining reliable MET2 information requires high quality T2 decays. The relaxation 
times and sizes of the components extracted from MET2 data are excessively sensitive to 
noise. The SNR requirements stem from the ability to detect the shorter T2
mye  peak in the 
T2 spectrum. The noise in MET2 has been found to be non-Gaussian [16] and/or echo-
dependent [5, 16]. SNR requirements have been addressed by Graham et al. [17], who 
found that the minimum acceptable standard deviation of the noise is 1% of the signal 
strength at the shortest echo time in order to obtain meaningful MET2 data. Beaulieu et al. 
[18] aimed to provide more definitive evidence of compartmentalization in nerve water 
T2. They used an echo sampling of 1.6 ms, resulting in an SNR of 3000. He was able to 
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resolve components with a minimum factor of two between the component relaxation 
times.  Kroeker and Henkelman [19] used simulated and experimental data from aqueous 
solutions to examine the relaxation measurements of two component models similar to 
WM.  They found that for an SNR of 150, samples with relaxation values separated by 
less than a factor of three were not resolved in continuous fits. 
The SNR is also affected by the echo sampling times.  Many studies have examined 
the window for MET2 data acquisition [17, 20-25]. Fenrich et al. [23] found when the 
data acquisition window approaches the value of the transverse relaxation, broadening of 
the peak close to that extremity occurs, resulting in a loss of precision. They found that 
the minimum acquisition window giving optimal precision was 0.75*T2,short – 2*T2,long. 
Whittall et al. [25] highlights the increased sensitivity to the noise as the number of 
echoes is decreased. Some suggest that the resolution varies as SNR NE , where NE is the 
number of echoes sampled [17, 20, 21, 24]. But Fenrich et al. found that the resolution 
degraded more rapidly than SNR NE  [22].  Graham et al. have highlighted how the 
relationship between SNR NE  and the abilities to resolve components depends on where 
those components are relative to each other in time, indicating tissue dependence [17]. 
Finally, the spacing of the echoes has been examined by Shrager et al. [26] revealing 
nonlinear echo spacing valuable in specific biexponential conditions. Does and Gore [27] 
further examined the application of nonlinear echo spacing, including practical aspects of 
imaging such as the effects of imperfect refocusing and inhomogeneity of the magnetic 
fields concluding linear echo spacing to be more appropriate for investigation of MET2. 
However, even under optimal echo acquisition conditions, the SNR is usually far more 
important determinant of precision than data acquisition window limitations.  
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The estimation of multiexponential T2 relaxation measurements in biological samples 
is dependent on the model used to interpret the NMR data. The most common approach is 
to fit with the smallest number of exponentials which provide a satisfactory 
representation of the data, but this becomes inaccurate when there are more than 2-3 
terms or when any two time constants are similar [28]. Kroeker and Henkelman 
recognized that in biological samples the signal’s approach to equilibrium reflected a 
distribution of relaxation times due to the water protons’ range of environments [29]. 
They used a linear inversion technique to solve the model of the signal’s return to 
equilibrium that is based on a least squares approach developed by Provencher [30, 31]. 
Nonlinear optimization techniques are also applied [32, 33] but usually require a starting 
estimate from which to begin iterating and are vulnerable to converging on a local instead 
of a global minimum. This technique has also been used by Menon [5] to reproduce 
known relaxation time distributions from data on a controllable model system. Due to the 
number of a priori assumptions necessary when using the nonlinear techniques, typical 
MET2 processing [7, 18, 29-31, 34] involves the use of the linear inversion program 
based on the least squares approach [19]. 
Whittall and MacKay [28] have used a NNLS approach based on an algorithm of 
Lawson and Hanson [35] to derive a continuous solution from multi-echo data. Using this 
approach, they have avoided the a priori assumptions about the number of components as 
well as their nature. This method is highly dependent on the SNR of the ME data and will 
sample from an extensive range of solutions if the SNR is low. 
The continuous distribution fit has also been applied unregularized by MacKay to 
estimate in vivo T2 distributions of WM on volunteers with multiple sclerosis [4]. The 
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unregularized method provides enhanced admissibility [17], which is defined as the 
percentage of T2 distributions with the correct number of components. This method 
constrains the fit according to the 2. One method is to use a constant 2 by adjusting  
iteratively, allowing the T2 distributions from different data sets to be compared 
effectively [17]. Constraining 2 within the range of 1.02% - 1.025% produces more 
robust solutions than those from least squares NNLS [5, 19, 28].  
The fitting technique has been shown to impact not only the admissibility but also the 
detection of MET2 based on peak separation. Some groups have found that relaxation 
values must be at least a factor of two apart for reliable separation [5, 21]. But Stewart et 
al. [7] have found that with doped water samples that the fits were inaccurate when the T2 
times differ by less than a factor of three. In addition, Graham found that equally 
weighted components are easier to resolve than if one component dominates the signal 
[17]. 
Data acquisition parameters of particular interest are the SW and the corresponding 
minimum TE (TE,min). Exploration of the relationship between the data acquisition time 
(proportional to the SW) and the minimum TE permitted can aid in selection of 
appropriate MET2 acquisition parameters. Reducing the SW will bring improvements in 
the SNR, but will also cause the TE,min to be longer. This tradeoff must be examined in 
respect to MWF quantification using MET2 to uncover the point at which the relationship 
between SW and TE,min will cancel out the benefits of smaller TE. 
Optimal choices for ME acquisition parameters will improve the fidelity of MET2 
characterization and provide a clear standard for implementation of ME pulse sequences.  
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This study aims to determine these appropriate imaging parameters in order to improve 
the level of confidence in the MET2 measurements for application to WM. 
 
Methods 
 
Biexponential T2 decay curves were generated using MATLAB (R2006a, Mathworks, 
Natick, MA) to simulate signals expected from CNS white matter. T2 decays were 
generated using Eq. [2.1], 
 
MT = Mo
myee
TE
T2
mye
+ Mo
iee
TE
T2
ie
+ (0, n ) ,     [2.1] 
 
where the superscripts mye and ie denote distinct tissue compartments, myelin and intra- 
and extra-axonal, from which the signal components arise. Random Gaussian noise was 
added to each generated signal, denoted in Eq. [2.1] by , with a mean of zero and 
standard deviation of n. The simulation loop was cycled 50,000 times for all discussed 
studies. In order to make the MET2 simulations applicable to the T2
mye , it was necessary to 
consider the range of imaging parameters expected to be sensitive to this component [6, 
9, 16]. The simulation parameters addressed in this study included T2
mye  of 10, 15, and 20 
milliseconds, T2
ie  of 40, 60, and 80 milliseconds, TE,min from 5.5 – 30 ms, and SNR from 
250 - 2000. The relation between the SW and required TE,min for the multi-echo, single-
slice imaging sequence can be found in Figure 2.1, these TE,min values were used for all 
further analysis.   
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 The choice of fitting technique for MET2 data is very important in terms of image 
processing time as well as preservation of data quality. A series of regularized and 
unregularized simulations were performed. The regularized smoothing technique from 
Graham et al. [17] was used with smoothing at 2.5% for parameters at 1.5 T. The bias 
(MWF) and standard deviation (MWF) of the MWF were examined to ensure comparable 
fits resulted, justifying the use of the quicker, unregularized fit. 
The next step in choosing the optimal processing technique involves addressing the 
NNLS fitting domain. The algorithm chosen fits the decay to a continuous distribution of 
exponentials, which can either be fixed for all studies or vary based on the TE value. 
MET2 data was generated using Eq. [2.1] for both a constant fitting domain of 5 
millisecondss to 1 second as well as a variable fitting domain (TE,min(1) – 2*TE,min(32)).  
Adequate sampling for the T2
ie  component of white matter was ensured. The 
simulations used a constant NE of 52, with 32 initial echoes at a spacing of TE,min 
followed by 20 late echoes spaced at 50 milliseconds. Since NE is held constant, the TE,min 
will determine the extent of echo train acquisition. The shortest TE,min considered, 5.5 ms, 
will sample up to 5.5 ms * 32 echoes = 176 ms for the early echoes, then 176 + 20 * 50 
ms = 1.176 seconds, adequately sampling the longer T2 component [36]. The longest 
TE,min considered will sample the echo train up to 1.96 seconds. Batch simulations were 
performed using the unregularized fitting technique, constant fitting domain, and 52 
echoes with a varying TE,min to examine the effects of inadequately sampling the long T2 
component.  
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Figure 2.1 – Relationship between sweepwidth and minimum TE 
for multi-echo, single slice imaging sequence. 
Simulations varying the TE,min were performed for an Mo
mye  of  0.2 and different 
component T2 values to examine the effects of SW on the MWF estimate. The results are 
reported in terms of the SNRMWF which is defined as 
 
SNRMWF = MWF MWF .                            [2.2] 
Results 
 
The TE,min permitted at varying sweepwidth values is plotted in Figure 2.1. As the SW 
increases, the minimum TE allowed decreases. The tradeoff between these parameters and 
its effect on MET2 characterization of white matter is based on this relation, characteristic 
of the imaging sequence. 
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Figure 2.2 – The A) bias and B) standard deviation of the MWF for 
regularized (blue) versus non-regularized (red) processing techniques 
The results of the comparison between unregularized and least-squares smoothing [17] 
at 2.5% can be found in Figure 2.2.  The MWF and MWF are shown for both fitting 
techniques and the results indicate that smoothing can reduce MWF and doesn’t influence  
 
 
MWF, but both techniques exhibit the same trends. The unregularized fitting technique 
was used for all further studies.   
Figure 2.3 shows the comparison of the constant and variable fitting domains using an 
unregularized NNLS fitting technique. These results show the differences between the 
variable and constant fitting domains. No significant difference is seen for the range of 
TE,min values of concern for application to WM, hence the more efficient constant fitting 
domain was used in all further processing.  
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The effects of echo train length on the characterization of the T2
ie  component appear in 
Figure 2.4. The trends all begin with high 
M 0
ie  values due to under-sampling of the T2
ie  
component. Distinct minima exist for each case based on the T2 values of the two 
components. 
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Figure 2.3 – The A) bias and C) standard deviation of the myelin water 
fraction and the B) bias and D) standard deviation of the myelin T2 simulated 
signals decomposed using a constant and variable fitting domain. 
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Figure 2.4 – The 
M 0
ie  for varying T2
mye  and T2
ie
 values. 
5 10 15 20 25 30
0
10
20
30
40
50
60
TE,min (ms)
SN
R M
W
F 
=
 
M
W
F/
σ
M
W
F
 
 
T2mye = 10 ms, T2ie = 40 ms
T2mye = 15 ms, T2ie = 40 ms
T2mye = 15 ms, T2ie = 60 ms
T2mye = 20 ms, T2ie = 80 ms
 
Figure 2.5 – The calculated SNRMWF as a function of TE,min for an SNR of 250 
(solid lines) and 2000 (dashed lines). 
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The results of batch simulations can be found in Figure 2.5, highlighting the SNRMWF 
peaks for optimal TE,min values. The solid lines represent an SNR of 250 while the dashed 
lines represent and SNR of 2000. Maxima of SNRMWF are indicated with a circle.  
 
Disscussion 
Specific imaging parameters were found to exist significantly improving the ability to 
characterize the MET2 of WM. The simulations performed demonstrated a distinct TE,min  
and SW value exist for the best MWF estimate.  
Previous studies have used simulations to assess the accuracy of MET2 analysis and 
the minimum signal to noise ratios necessary to precisely measure the myelin component 
[17, 23, 24, 28, 37]. T2 Decay curves must have high SNR values with the minimum 
acceptable noise standard deviation being approximately 1% of the signal at the first echo 
time [17, 23]. It has been shown that the NNLS can accurately find T2 peaks at high SNR 
but falls apart at lower SNR values [37, 38], with significant errors in T2 estimation found 
at SNR values lower than 250 [37]. It is essential to obtain a high-fidelity T2 decay curve 
in order to ensure meaningful T2-spectral data, particularly when attempting to quantify a 
short T2 and small signal contribution such as myelin. 
It is known that a decrease in SW will bring improvements in SNR, but will also cause 
the TE,min to increase, hindering the characterization of the shorter myelin component. The 
echo spacing is commonly minimized in order to characterize the T2
mye .  Graham et al. 
[17] determined that any TE value can be chosen as long as the shorter T2 is adequately 
sampled. It is also important to adequately sample the longer T2 component. The trends in 
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Figure 2.4 demonstrate the difficulty in characterizing the longer T2 component with 
short TE values. The M 0ie  was initially high for the short TE,min simulations then 
decreased to an optimal TE,min for MET2 acquisition between 7 and 12 milliseconds.  
 
Optimal 
TE,min SNRMWF
SNRMWF 
Lost
 = 10 ms  = 20 ms
 = 40 ms  = 80 ms
 = 15 ms  = 20 ms
 = 40 ms  = 80 ms
 = 15 ms  = 10 ms
 = 40 ms  = 40 ms
30%
11.70%
5.70%
Table 2.1 - Potential loss in SNRMWF resulting from incorrect T2 estimates
9.0 ms
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3.2
3.2
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mye  
T2
ie  T2
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T2
mye  
T2
ie  
T2
mye  
T2
ie  
T2
mye  
T2
ie  
T2
mye  
T2
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It was interesting to find that the TE,min where the minimum of the standard deviation of 
estimated MWF occurred was not necessarily the shortest TE possible. When simulating 
various combinations of T2
mye  and T2
ie , as seen in Figure 2.5, it was found that the 
maximum SNRMWF was dependent on these combinations as well as the SNR of the 
MET2 signal. Previous studies have also found this dependence on the tissue’s T2 
properties [5, 17, 21]. The dashed lines in Figure 2.5 represent an SNR of 2000 while the 
solid lines are an SNR of 250. The TE,min corresponding to the maximum SNRMWF changes 
for the different SNR values, but not significantly or consistently. On the other hand, 
variation in the SNRMWF due to the T2
mye  and T2
ie  combinations could significantly affect 
the results of an experiment. A priori knowledge of the T2 component values could 
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prevent a significant loss of SNRMWF. For example, at an SNR250, if the T2
mye  was 
estimated at 10 ms and T2
ie  was estimated at 40 ms the optimal TE,min of 7.5 ms  is chosen 
according to Figure 2.5. If the actual T2
mye  is 20 ms and T2
ie  is 80 ms, the choice of 7.5 ms 
for TE,min  would result in a loss of 30% of the potential SNRMWF. Table 2.1 describes 
some possible situations in which the T2 component values are estimated incorrectly and 
the resulting loss of potential SNRMWF. This loss of SNRMWF is concerning since the 
component only comprises a relatively small fraction of the signal and the fitting 
techniques typically require a robust SNRMWF to be reliable. Despite these potential 
effects, all of the optimal TE,min values fell between 7.5 and 12 milliseconds for a SNR 
250.  
 
Conclusions 
Simulations were used to investigate data requirements for multicomponent T2 
analysis under experimental conditions common for research MRI scanners. Sweepwidth 
and minimum TE combinations were found over a range of typical parameters for optimal 
MET2 quantification of myelin. The simulation results indicate minimization of echo 
spacing is not always the optimal choice when attempting to quantify the fraction of the 
myelin water component. The optimal SNRMWF is not significantly dependent on the SNR 
of the signal but does vary based on the T2
mye  and T2
ie  values. 
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CHAPTER III 
 
HISTOLOGICAL IMAGE PROCESSING 
 
Introduction 
 
 Morphometric studies are valuable in the investigation of neural development and 
pathology. Histological examination of excised neural tissue allows measurements on 
individual cells resulting in useful parameters such as the fiber size, axon size, and 
myelin thickness. Accurate morphological measurements can be complicated by a 
number of issues. The variability of tissue staining intensity from sample to sample or 
even within different regions of the same tissue section requires sufficient robustness to 
these luminance changes. In addition, tracts with large fiber population may have a 
heterogeneous fiber distribution, which would introduce bias with the use of any 
sampling scheme. These measurements can be performed manually or with the aid of 
computer programs. 
 Manual morphometric fiber measurements are executed with the use of image-viewing 
software. The experimenter chooses fibers and manually measures parameters using 
image processing software. An unavoidable bias is introduced by the selection the 
experimenter makes from the entire fiber population. It must be stressed that the manual 
technique of measurement is subject to error sources such as sampling bias as well as 
inter-observer variability. In addition to these established error sources, manual 
measurement requires lengthy computation time. This time is dependent on the tissue 
cross sectional area and the fiber size population. The population sampling has been 
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varied in different studies. One group [1] found a good estimation of fiber parameters 
with less than 10% of the fibers measured, whereas another [2] claims that a minimum of 
50% of the entire fiber population is needed for parameter estimations. As a consequence, 
an automated image analysis system is sought to avoid bias and sampling issues and to 
facilitate objective and efficient analysis. 
 Various degrees of automation exist to accomplish these measurements. Fully 
automated measurements are typically achieved with computerized image analysis 
systems that can be programmed to analyze the myelinated fibers using morphological 
recognition algorithms to isolate regions of interest in images. Numerous groups have 
used the contour model approach where physical properties of the axons along with 
image data are used in an optimization scheme to converge on axon boundaries [3-5]. 
Complete automation requires the ability to handle both local and structural analysis in 
one step. Often, these techniques are computationally expensive and prone to error.  
 A semi-automated approach could decrease the computational demands characteristic 
of fully automated techniques. Semi-automated methods involve the automated analysis 
of tissue with operator intervention to manually eliminate dark elements such as pericytes 
and glial cell nuclei. The present study proposes and evaluates a semi-automatic method 
for segmentation, recognition, and measurement of myelinated fiber parameters. The 
semi-automated results are compared to a manual measurement technique. The most 
commonly used morphometric parameters such as axon diameter and myelin thickness 
were considered. 
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Methods 
 
Animal and Tissue Preparation 
 
 The spinal cord tissue used in this study was obtained from six Sprague Dawley rats 
(300-420 grams). The animals were sacrificed with inhaled CO2. The spinal cord was 
immediately extracted using a saline filled syringe to apply pressure at the caudal end of 
the vertebral column. The excised spinal cord was separated into three longitudinal 
sections: cervical, thoracic, and caudal. These sections were immediately placed in 0.5% 
paraformaldehyde/4% gluteraldehyde in phosphate buffer, a solution found to optimally 
preserve the structure of myelin [6, 7]. Following 48 hours submersion in the fixative, the 
tissue sections were post-fixed in 1% osmium tetroxide in cacodylate buffer and 
dehydrated in graded ethanol. After epoxy resin embedding, the spinal cord was 
sectioned axially and stained with 1% toluidine blue solution. 
 
Microscopy 
 
Light microscopy was performed with a Leica DM IRB inverted microscope (Meyer 
Instruments, Inc., Houston, TX) using a 40 x 0.55 N Plan DIC air lens. Photomicrographs 
were captured using a DXM1200C (Nikon, Japan) with a 1024 x 1372 pixel resolution 
representing a 256 μm x 343 μm tissue area. A microscale was imaged in the same way 
to obtain the scaling factor. The pixel size corresponded to 0.25 μm. Five WM tracts 
were examined within the axial plane, delineated in Figure 3.1. A total of five images were 
taken for each of the three longitudinal sections of the spinal cord.   
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Semi-automated Morphometry 
 
 Semi-automated analysis was carried out using a set of image processing tools [8] 
developed in house for MATLAB software (The MathWorks Inc., Natick, MA). The 
program converts the color photomicrograph to a grayscale 8-bit image and applies an 
edge-preserving smoothing filter. User input is then required to determine the threshold 
values for a sigmoid function that is used to enhance the gradients of the image. The 
gradient magnitude is calculated for each pixel based on the user-defined threshold 
image. The software performs segmentation on the gradient image using a watershed 
algorithm. Global thresholds were set for axon circularity (4(area/perimeter2) where 
circularity of 1 is a perfect circle) to avoid consideration of axons imaged at an oblique 
angle as well as extracellular space being considered as axon space. The segmented 
 
 
Figure 3.1 – Regions of interest rat spinal cord, FC = fasciculus cuneatus, FG 
= fasciculus gracilis, ReST = reticulospinal tract, RST = rubrospinal tract, VST 
= vestibulospinal tract 
 54 
watershed image is then analyzed resulting in an index for each identified axon. The 
centroid coordinates of the axon, axonal area, the axon’s major and minor axes lengths, 
the eccentricity of the axonal ellipse, and radial statistics used to determine the myelin 
thickness measurements are calculated for each axon index. To obtain the radial statistics, 
eight radial lines are drawn from the center of each axon, and the myelin inner and outer 
boundaries are defined by a contrast change based on the sigmoid function threshold. 
This results in eight measurements of the myelin thickness around each axon. 
 Post processing of the semi-automated results converts the arbitrary pixel values to 
quantitative measurements based on the calibration of the microscale. The axon diameter 
was calculated by taking the mean of the major and minor axes. The minimum myelin 
thickness measurement was used in order to avoid overestimation of the myelin thickness 
caused by oblique or abutting axons. 
 
Manual Morphometry 
 
 Manual measurements were accomplished using ImageJ software (NIH 
http://rsb.info.nih.gov/ij/). To determine the detection ability of the semi-automated 
technique, an entire photomicrograph was examined using the Cell Counter plug-in [9] to 
establish the number of axons present. The false positive rate was determined by 
examining the results of the semi-automated analysis and counting the number of extra-
axonal spaces were considered as axons and dividing it by the total number of true axons 
determined using the manual cell counter.  
For direct comparison with the semi-automated method, twenty individual axons were 
manually selected from a segment of the micrograph. Manual measurements were 
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performed on these 20 axons in the same manner as the semi-automated method, with 
major and minor axon axes averaged to obtain the axon diameter and the minimum of 
myelin thickness measured in eight locations around the axon. The manual and semi-
automated measurements of these twenty axons were then compared on an axon-by-axon 
basis.  
 To further compare the results of reliable manual morphometry with those of the semi-
automated analysis, one hundred axons were randomly chosen from the entire 
micrograph and the axon diameter and myelin thickness were measured manually. The 
axon selection was accomplished using the ImageJ Analyze Particles command following 
manual thresholding of the image. This resulted in an index for each detected circle on 
the micrograph. One hundred axons were randomly selected using Matlab’s randperm 
command. Axon diameter and myelin thickness measurements were performed on each 
selected axon with myelin measured only once through the thinnest section of the sheath. 
The means of the axon diameter were compared to the mean values calculated by the 
semi-automated method and myelin thickness measurements were compared to that of 
the semi-automated method.  
 
Results 
 
All spinal cord sections included in this study showed good preservation of myelin and 
axonal structures. An example micrograph is shown in Figure 3.2.  
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Manual Morphometry 
Photomicrographs of each ROI were examined manually using the ImageJ software. The 
semi-automatic method detected 3265 fibers, nearly all (98%) fibers found manually 
(3346). An example of the manual measurements used for direct comparison with the 
semi-automatic method is shown in Figure 3.2. Eight radial lines (yellow) were drawn 
through the axon; the mean of these measurements was considered the myelin thickness. 
Two axon diameters were drawn to estimate the major and minor axes of the axon; the 
mean of these two measurements is classically considered the axon diameter and was used 
as such in this part of the study. 
 
Figure 3.2 – Example of manual measures where yellow lines are myelin 
thickness measurements and red lines are major and minor axes. 
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Semi-automated Morphometry 
Various steps of the semi-automated method are shown in Figure 3.3.  Part A depicts a 
section of a typical photomicrograph acquired, part B shows an image following 
application of a sigmoid threshold with user defined limits, part C is a gradient magnitude  
 
 
 
 
Figure 3.3 – Results from semi-automatic nerve analysis A) original 
histological image, B) image resulting from user-input, sigmoid thresholding, 
C) pixel gradient magnitude image, D) image resulting from segmentation of 
image C and performing a watershed segmentation algorithm resulting in a 
unique color index for each axon. 
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image, and part D is the result of segmentation by taking the gradient image and 
performing a watershed segmentation algorithm. It is important to note that in part D, 
each axon has a unique color index. The semi-automatic method detected 3265 fibers, 
nearly all (98%) fibers found manually. The false positive rate was less than 2.5%.  
 
Direct Comparison of Methods 
In Figure 3.4 the corresponding manual and semi-automatic histograms are depicted for 
the axon-by-axon myelin thickness measurements. The histograms do not differ 
significantly. The Pearson’s 2 value for independence is 2.79, with approximate P value 
of 0.05. The semi-automatic and manual methods were correlated for both the myelin  
 
 
 
thickness and axon diameter measurements. Figure 3.5 shows the semi-automatic 
measurements plotted against the manual measurements for both parameters on an axon-
by-axon basis. The legend of each graph indicates the individual correlation coefficients 
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Figure 3.4 – Distribution comparison of semi-automatic and manual measures 
for equivalent fiber diameters for all ROIs. 
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for each ROI while the overall correlation coefficient is 0.82 for the myelin thickness and 
0.94 for the axon diameter.  
 
 
Indirect Comparison, Increased Sample Size 
The larger-scale analysis of myelin thickness and axon diameter measures for manual 
versus semi-automatic measurements aimed to quantify the distributions of 
measurements resulting from each technique. A direct correlation could not be performed 
since there were only one hundred manual measures compared to varying numbers of 
semi-automated axons detected. A comparison of the mean of the distributions is shown 
in Figure 3.6. The dashed line indicates a linear fit to the entire data set. The semi-
automatic technique tends to overestimate the myelin thickness and underestimate the 
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Figure 3.5 – Semi-automatic measurements plotted against manual 
measurements for both myelin thickness and axon diameter on an axon-by-
axon basis. Correlation coefficients are shown in parentheses for each 
individual ROI while the overall correlation coefficient is printed above the 
data.  
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axon diameter, but not consistently, causing an obvious lack of correlation. This is 
demonstrated by the correlation coefficients of 0.16 for the myelin thickness 
measurements and 0.85 for the axon diameter measurements.  
 
 
 
Discussion 
 
 This study evaluates an efficient semi-automatic method to measure various fiber 
parameters such as the axon diameter and myelin thickness. Morphometric histological 
analysis has developed from time-consuming manual measurements to include the use of 
automatic programs. The semi-automatic program used in this study enables analysis of 
regions of interest in the rat spinal cord, which presents unique structural organization of 
central WM. The peripheral regions of the oval-shaped spinal cord contain the well-
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Figure 3.6 – The mean of semi-automatic measurements plotted against that 
of manual measurements for both myelin thickness and axon diameter. 
Correlation coefficients are shown in parentheses for each individual ROI 
while the overall correlation coefficient is printed above the data. The dashed 
line is indicates a linear fit. 
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organized white matter tracts surrounding a characteristic butterfly-shaped grey matter 
region. The parallel structure of the white matter tracts in the spinal cord facilitates 
analysis of their myelin properties. The ROIs delineated in Figure 3.1 were chosen based 
on the white matter structure in these areas, suggesting a difference in axon 
morphometry. 
 The detection rate of the semi-automatic method is an important issue when 
considering heterogeneous fiber populations such as those found in the spinal cord.  The 
semi-automatic method detected 3265 fibers, nearly all (98%) fibers found manually 
(3346).  The false positive rate was less than 2.5%, a negligible level originating from 
misclassification of extra-axonal spaces as intra-axonal space.  
 The manual morphometric measurements used for direct comparison was time-
consuming, with 20 fiber measurements taking over 40 minutes due to the 8 radial lines 
drawn for each myelin thickness measurement and two axes drawn for each axon 
diameter measurement. The semi-automatic method presented in this manuscript 
achieved comprehensive analysis of each photomicrograph (3000+ measurements) in 
about 40 minutes following user intervention. The experimenter must initially load an 
image and manually adjust the threshold values, which are applied globally to the entire 
micrograph. These values are saved and the program proceeds to calculate axon counts, 
measurements, myelin thickness, perimeter, and eccentricity measurements for each 
identified fiber.  
 Initially, the measurement techniques were compared directly on an axon-by-axon basis 
sampled from a small area of the micrograph. The manual myelin thickness 
measurements were acquired such that the resulting parameters would be similar to those 
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produced by the semi-automatic method. The minima of the eight manual measures were 
used to obtain the final myelin thickness measure. This approach ensured myelin from 
other axons was not being included in calculations, a problem which could be specifically 
avoided in the manual measurement technique.  
 Figure 3.5 supports the use of the semi-automated technique to obtain morphometric 
parameters from nervous tissue. Regardless of strong correlation coefficients, this direct 
comparison only considered a small area of the entire micrograph and expanding that 
area to include the entire micrograph could confound the effects of non-uniform staining 
and difficulties setting the threshold values. Consideration of results from the semi-
automated method from a random sample of the entire micrograph is in order. 
 Despite the promising axon-by-axon results discussed above, the semi-automated 
method was further examined with an increased sample size. One hundred manual 
measurements of myelin thickness and axon diameter were acquired for each cervical 
spine micrograph. The axons were chosen systematically in order to minimize user bias 
and adequately represent the axon heterogeneity. Each set of 100 measurements took 
approximately 12 minutes to perform manually, with the reduced time accomplished by 
only measuring one location for axon diameter and myelin thickness.  
 The correlations shown in Figure 3.6 are much weaker than those of Figure 3.5. In the 
first panel of Figure 3.6, the mean of the myelin thickness measurements for each ROI 
are plotted for each technique. The relationship between the two techniques is not strong. 
The results suggest that the semi-automatic method overestimates the actual myelin 
thickness. This overestimation could be caused by inaccurate manual threshold levels, 
which would cause the perimeter of the myelin sheath to be extended past its actual 
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location. In addition, the inclusion of myelin from neighboring axons in the radial 
measurements could explain this overestimation of the myelin thickness when using the 
semi-automatic method. The second panel of Figure 3.6 shows the comparison of 
techniques for the axon diameter measures. These results suggest that the semi-automatic 
method underestimates the actual axon diameter. This could be a consequence of the 
overestimation of myelin thickness. In addition, when using the semi-automatic method, 
there is a potential for extra-axonal space to be considered as intra-axonal space if it 
meets the circularity threshold. The overall poor correlation of the two techniques found 
when expanding the sample number establishes very different results than the previous 
direct comparison. This discrepancy is potentially caused by the under-sampling or user 
bias in the initial selection of the 20 axons for the direct comparison.  
 Figure 3.7 shows the cumulative distribution function for the myelin thickness 
measurement. The semi-automatic method overestimates the myelin thickness for values 
less than 0.65 μm due to the internal thresholds on the processing. In order for pixels to 
be designated as myelin, they must be at least 2 pixels (0.5 μm) thick, resulting in the 
bias in these thinner myelin measurements. In addition, the semi-automatic method 
overestimates the myelin thickness for values over 0.8 μm due to the complications from 
abutting axons’ myelin. The manual technique allows exclusion of the myelin from 
adjacent axons, which could potentially bias the semi-automated results. 
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 Figure 3.8 shows the comprehensive results of the semi-automated and manual 
measures for both the myelin thickness and axon diameter. The manual myelin thickness 
and axon diameter measurements are in agreement with previous histological analysis of 
the rat cervical spinal cord [10, 11] for the various regions examined, while the semi-
automatic measures do not completely agree with the literature values for excised rat 
spinal cord histology.  
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Figure 3.7 – The relative cumulative distribution functions of the myelin 
thickness measurements for both techniques. All regions of interest are 
grouped for analysis. 
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Conclusions 
 
 A semi-automated measurement technique was evaluated for application to histological 
images of rat cervical spine. The semi-automated results were compared to those of 
manual measurement. Direct comparison of myelin thickness and axon diameter for 
twenty axons resulted in a good correlation, but further analysis with a larger sample size 
did not correlate well. The semi-automated measurement distributions were not normal 
and did not accurately represent the myelin thickness and axon diameters due to threshold 
and neighboring axons biasing the measures. Based on the results of this evaluation, the 
most robust and reliable method for measurement of myelin thickness and axon diameter 
is the manual measurement technique. 
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Figure 3.8 – The myelin thickness and axon diameter measurements resulting 
from the manual and semi-automatic methods.  
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CHAPTER IV 
 
EVALUATION OF MRI RESULTS 
 
Introduction 
Magnetic resonance imaging techniques offer tissue contrast but provide limited 
information regarding the variation of the magnetic resonance signal that exists on a 
smaller scale than the imaging voxel. The T2 spectrum from a white matter voxel is 
interpreted based on the known anatomy of central white matter. The component with the 
longer T2 (> 25 milliseconds) is believed to originate from the intra and extra-axonal 
water, while the component with the shorter T2 (8 – 25 milliseconds) originates from the 
myelin water [1-3]. Qualitative histological evaluation corroborates the assignment of the 
short T2 component to myelin [4-6] and the MWF qualitatively corresponded to the 
anatomic distribution of myelin from Luxol Fast Blue stain [7]. 
 The short T2 component associated with myelin has been previously observed in the 
central nervous system in vitro [2, 3] as well as in vivo [1] and has been consistently 
demonstrated in white matter of the spinal cord [3, 8, 9], although quantitation of the 
MWF varies between studies. Minty [8] found two T2 components in excised and in vivo 
human spinal cord (SC) at 3 Tesla, revealing a myelin T2 = 16 milliseconds and a relative 
myelin fraction of 30.7%. This estimate of the MWF is substantially higher than those 
made in guinea pig SC [3] or bovine brain [10], but they do agree with similar measures 
in bovine optic nerve (32%) [11] and in vivo measurements of human cervical SC 
(26.8%) [12].  
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 The specific parameters of the tissue microstructure reflected in MET2 measurements 
must still be determined. The myelin histological content of the tissue, axon diameter, 
and myelin thickness will all have effects on water exchange, potentially impacting the 
MET2 signal. The spinal cord provides an environment of normal variation of tissue 
microstructure, establishing a favorable situation for further analysis of the MET2 signal 
and its sensitivities to the tissue microstructure.  
 One aspect of tissue microstructure of concern is the g-ratio. Previous studies have 
suggested that the thickness of the myelin sheath is related to the axonal fiber size in 
mature nerve fibers [13-17], with thicker axons having a thicker myelin sheath. 
Conversely, others have found constant g-ratios for all fiber diameters [14-16], and 
finally, some have found values of g-ratio smaller in larger fibers [18]. The axon diameter 
is known to vary among different WM tracts in the spinal cord axially [19] and is 
postulated to vary longitudinally based on results indicating variation of spinal roots 
upon exiting the SC [20]. Therefore, the g-ratio could be characteristic of each WM tract. 
This study examines the MR parameters as well as quantitative histology in order to 
examine the g-ratio trends. An increase in the g-ratio corresponds to a decrease in relative 
myelin thickness and increase in the myelin surface to volume ratio, while a decrease in g-
ratio would mean an increase in the myelin thickness relative to the axon diameter and a 
lower surface to volume ratio. It is possible the MET2 parameters of myelin are 
influenced by the g-ratio. The local myelin thickness and surface to volume ratio will 
influence the water exchange between the two tissue compartments, but the specific 
effects on the MET2 spectra are still unclear. 
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The biological basis of both MT and MET2 imaging methods has been previously 
studied [1-3, 21-24]. Those examining the MT of WM reveal a parallel between 
inflammation and changes in the MT parameters [21-23], indicating inflammatory-related 
changes are often the root of MT measurement changes, but the role of the myelin 
content and morphometry is yet to be elucidated. The underlying myelin characteristics 
have also been related to MET2 measurements, and there is good evidence that the short 
T2 component is proportional to the myelin content of the tissue [1-3, 24]. The MWF has 
been found to consistently decrease with demyelination and corresponding increase in 
water content [1, 24-26]. Knowledge of the specific origin of the MWF and PSR 
measurements could elucidate the physiological characteristics of the tissue being 
imaged, aiding in diagnosis and monitoring of disease treatment. Quantitative histology is 
used to explore the WM morphometry and its relation to variations in the MR 
measurements from qMT and MET2. 
Exploration of the covariance between the MWF and MTR [21, 24, 27] as well as 
between MWF and PSR [21, 24, 25, 28, 29] in WM has been done with varying results. 
A complete lack of correlation was found by Gareau [21], Vavasour [24], and Laule [27], 
indicating these MR methods are measuring different attributes of the myelin 
microstructure. Studies have shown that MET2 in animal models are more specific than 
the MT measurements in indicating the myelin content in tissue [5, 21, 30, 31]. Others 
have found correlations [24] while including demyelinated tissue as well as in healthy 
WM [28]. Conflicting results confound the ability to relate these two measures of myelin. 
It is hypothesized that knowledge of the relationship between the MET2 measurements 
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and qMT measurements could elucidate the physiological basis of each respective 
technique. 
This study aims to evaluate the underlying tissue parameters influencing magnetic 
resonance measurements typical of central white matter characterization. Quantitative 
histology is used to elucidate the tissue structures that affect the variation of MR 
parameters. In addition, the myelin water fraction, derived from multiexponential T2 
measurements is compared to the myelin pool size ratio measurements, derived from 
quantitative magnetization transfer imaging. Such an understanding of the complex 
combination of the various relaxation and exchange properties is important in developing 
an anatomical basis for interpreting magnetization transfer and T2 weighted images, 
particularly with respect to myelination. 
 
 
Methods 
 
Animal, Tissue Preparation, and Microscopy 
Spinal cord tissue was obtained from six Sprague Dawley rats, stained with toluidine 
blue, and examined with the Leica microscope as previously described in Chapter 3 of 
this dissertation. 
 
Statistical Analysis 
A one-way analysis of variance (ANOVA) was used to determine differences between 
measurements. If ANOVA results were significant, a post-hoc analysis using the Tukey-
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Kramer method for multiple comparisons was used to determine significance differences 
among means. Significance is defined as a P < 0.05. 
 
Magnetic Resonance Imaging 
 All imaging was performed on a 7 Tesla 16 cm bore Varian Inova scanner using a 6 
millimeter loop coil for radio frequency transmission and signal reception. Phantom 
studies were initially performed to ensure the multi-echo, single slice sequence could 
reliably measure MET2. A two-tube phantom was created using MnCl2 (Sigma, St. Louis, 
MO) to exhibit similar T2 properties as those expected in spinal cord white matter. The 
phantoms’ T2 values were measured using a reliable CPMG method as well as the multi-
echo, single slice sequence applied to the excised spinal cord sections for MET2 
measurements. 
 MET2 spinal cord imaging was achieved using a multi-echo, single-slice modified 
CPMG sequence [32]. Fixed tissue was submerged in a 5-millimeter outer diameter NMR 
tube filled with Fomblin (Solvay Solexis, Brussels) to avoid extra signal contribution. 
Single-slice (2 mm thickness) transverse images were acquired of the spinal cord sections 
using the multi-echo, single-slice imaging sequence with TR of 6 seconds, the initial TE 
(TE1) minimized at 8 milliseconds, and the subsequent 31 echo times spaced at 9.2 
milliseconds. Following the initial 32 echoes, 16 late echoes were acquired at 50 
milliseconds spacing for a total of 48 echoes; resulting in echo sampling to approximately 
1.1 seconds. Images were acquired at 30 kHz. Six averages resulted in an imaging time of 
1 hour and 17 minutes for each sample. 
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Quantitative magnetization transfer imaging was accomplished using the pulse 
sequence created by Gochberg and Gore [33]. It was implemented with TR/TE = 
11,000/10 milliseconds, Ti = 21 points logarithmically spaced from 3.5 to 150 
milliseconds, and 300 milliseconds, 1 second, 2 seconds, and 10 seconds, and 6 averages. 
The field of view, slice thickness, and image resolution is identical to the MET2 imaging 
(FOV = 5 x 5 mm, thickness = 2 mm, 32 x 32 imaging matrix.) Least square fitting of the 
data is performed using MATLAB’s built-in Nelder-Mead simplex method. 
 
MET2 Processing 
The image data were filtered using a 3 x 3 median filter and corrected for Rician noise. 
The regularizing term, , was held constant at 1.5 for all processing. 
 
Transverse Region of Interest Selection 
Initially, ROIs were drawn manually around five white matter tracts of the rat spinal 
cord. Examination of MET2 spectra from the manually drawn ROIs revealed 
heterogeneity, potentially caused by errors in manual ROI delineation. To address this 
heterogeneity, additional ROIs (termed high-correlation ROIs) were established based on 
correlations of the MET2 spectra. The pixels within the delineated regions of the drawn 
ROIs having a correlation coefficient > 0.95 were used for further processing. 
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Results 
 
Phantoms 
 The results of the phantom imaging studies are found in Table 4.1. Comparable results 
were found for the multi-echo, single slice sequence when compared to the standard 
CMPG sequence, validating the multi-echo, single slice sequence for accurate T2 data 
acquisition. 
 
Microscopy 
Microscopy was performed on all extracted tissue; an example is shown in Figure 4.1, 
the scale-bar indicates a 10-micron distance. The myelin fraction, axon diameter, and 
myelin thickness for each longitudinal section are shown in Figure 4.2. No significant 
differences were found except between the myelin thickness of the thoracic and caudal 
regions, most likely due to the difficulty measuring the caudal region and lack of 
corresponding white matter tracts. The lack of significant trends along the length of the 
spinal cord justifies consideration of just the cervical spine for the analysis of transverse 
regions of interest. 
 
Table 4.1- T2 measurement validation of the multi-echo, single slice (MESS) 
sequence. 
 
Tube T2 (ms) CPMG T2 (ms) MESS 
A 19.1 18.2 
B 35.7 38.8 
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Figure 4.1 – Example micrograph of rat spinal cord stained with Toluidine 
Blue, scale-bar indicates 10 μm length. 
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Figure 4.2 – Examination of the mean histological properties of the rat spinal 
cord for the longitudinal sections (cervical, thoracic, and caudal), error bars 
indicate standard deviation of sample means. No significant trends were found 
for progression along the length of the cord. 
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Figure 4.3 was used as a guide to outline the WM tracts known to have different 
structure. Photomicrographs were obtained of these regions for each sample (n = 6). 
Photomicrographs representative of each ROI can be found in Figure 4.4. The 
measurements resulting from transverse ROI analysis can be found in Figure 4.5. The 
colors of the bars in Figure 4.5 correspond to the ROIs delineated in Figure 4.3. All white 
matter tract ROI results were different at the 5% significance level based on ANOVA and 
post-hoc analysis except the myelin fractions from the ReST and the RST regions. The 
myelin thickness and axon diameter seem to be related with increasing axon diameter 
corresponding to an increase in myelin thickness. 
The relation between the axon diameter and myelin thickness is apparent with the 
calculation of the g-ratio as previously described. Figure 4.6 plots the myelin thickness as 
a function of axon diameter for all transverse ROIs in panel A. The correlation coefficient 
VST
ReST
RST
FC
FG
 
Figure 4.3 – White matter tracts in rat spinal cord, FC = fasciculus cuneatus, 
FG = fasciculus gracilis, ReST = reticulospinal tract, RST = rubrospinal tract, 
and VST = vestibulospinal tract. 
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Figure 4.4 – Photomicrographs characteristic of each white matter tract 
delineated in Figure 4.3. 
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Figure 4.5 – White matter tract ROI microscopy results for the cervical spinal 
cord. A) myelin thickness, B) axon diameter, and C) myelin fraction 
determined from Otsu thresholding. 
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Figure 4.6 – A) Scatter-plot of the axon diameter versus the myelin thickness 
for the five white matter tract ROIs, individual correlation coefficients indicated 
in legend. B) Relation between the g-ratio and the inverse of the axon 
diameter measurement. 
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for the entire data set was 0.97 with individual ROIs’ correlation coefficients shown in 
the legend. Panel B shows the calculated g-ratio as a function of the inverse axon  
diameter with error bars indicating the standard deviation of the measures. The 
correlation coefficient is 0.99 (P < 0.001) indicating a strong dependence of g-ratio on 
the axon diameter. 
Further examination of Figure 4.5 indicates a relationship between the axon diameter 
and the myelin fraction. This is shown in Figure 4.7 where an inverse relation is found 
between the axon diameter and the myelin fraction, demonstrating as the axon diameter 
increases, the fraction of the photomicrograph designated as myelin decreases due to 
increased intracellular space as well as the decreased g-ratio in the larger axons. To 
further investigate the dependence of myelin fraction on axon diameter, the individual 
relationships were modeled for each WM tract.  
Numerical modeling can help understand the dependence of myelin fraction on the 
local axon diameter. If the photomicrograph is assumed to be a square and the axon 
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Figure 4.7 – Relation between myelin fraction and axon diameter derived from 
quantitative histology analysis for different WM tracts. 
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packing is regular [34], the myelin fraction can be defined as 
 
mf =
4 r2  r1( )
2
r2
2 ,     [4.1] 
 
 
where r1 is the axon radius and r2 is the fiber radius. Figure 4.8 depicts this geometry. 
The local g-ratio is known to vary based on Figure 4.6. Using the characteristic 
relationships in each WM tract, the myelin thickness (r2-r1) was related to the axon 
diameter and the resulting mf was modeled. The results of this numerical modeling are 
shown in Figure 4.9. Panel A shows the expected myelin fraction as a function of axon 
diameter and panel B is a section of panel A with the experimental results. The trends 
shown in Figure 4.9 A indicate that the myelin fraction is inversely proportional to the 
axon size up to a certain point, then as the axon grows to larger diameters, the 
relationship becomes positive. The experimental results from the different WM tracts 
 
Figure 4.8 – Diagram of WM fibers used to model the relationship between 
axon diameter and myelin fraction. 
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overlaid on the model in panel B correspond well for all regions except the VST and FC, 
regions which are known to be heterogeneous and have typically larger axons. 
 
Magnetic Resonance Imaging 
In the present study, all 18 image sets were analyzed and an example MWF map is 
shown in Figure 4.10. Examination of this MWF map indicates variation of the MWF 
within the transverse plane. ROIs were manually drawn on the MWF maps according to 
the WM tracts delineated in Figure 4.3. These manually drawn ROIs are highlighted in 
panel A of Figure 4.11. The spectra arising from each voxel within an ROI were averaged 
and the resulting mean T2 spectra appear in panel B of Figure 4.11 The five different 
spectra shown in panel B exhibit different T2 component signal fractions and mean T2 
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Figure 4.9 – A) Results of numeric modeling for the expected relationship 
between myelin fraction and axon diameter. B) Modeling results with experimental 
results plotted, error bars indicate standard deviation of sample means. 
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values for both the myelin and longer T2 values. These differences suggest that the MET2 
spectra possess underlying information regarding the tissue structure.  
Capitalizing on the spectral differences, an additional set of ROIs was created by 
grouping the pixels with high spectral correlation. The MET2 spectra were correlated for 
all pixels within the sample. Pixels that exhibited an R > 0.95 and fell within the regions 
delineated by Figure 4.3 were grouped as the high-correlation ROIs. Examples of high-
correlation ROIs are shown in panel C of Figure 4.11. The corresponding mean MET2 
spectra arising from these ROIs appear in panel D of Figure 4.11. The MWF and myelin 
T2 resulting from MET2 analysis of the high-correlation ROIs can be found in Figure 
4.12. ANOVA revealed significant differences among the 
 
 
 
 
Figure 4.10 – Example of a myelin water fraction map of a rat cervical spinal 
cord created using multiexponential T2 analysis. 
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 MWF of white matter tracts with a P < 0.05. Post-hoc analysis using the Tukey-Kramer 
test for multiple comparisons revealed significant differences between all regions. 
ANOVA indicated significant differences among the myelin T2 values with post-hoc 
analysis revealing significant differences between the FC and the FG, ReST, and RST as 
well as between the VST and the FG, ReST, and RST. 
Figure 4.11 – A) Drawn ROIs, B) mean T2 spectra of drawn ROIs, C) image 
with high correlation ROIs, and D) mean T2 spectra of high correlation ROIs. 
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Histology Compared to MET2 
The results of the myelin fraction measurement from quantitative histology are 
compared to the MET2 results for the high-correlation ROIs in Figure 4.13. Panel A 
shows the MWF and panel B shows the myelin T2 as a function of the histology myelin 
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Figure 4.12 – Transverse variation of MET2 parameters arising from high-
correlation ROIs, error bars indicate standard deviation among sample means. 
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Figure 4.13 – A) myelin water fraction and B) myelin T2 derived from MET2 
analysis plotted against the myelin fraction resulting from quantitative 
histology. Error bars indicated standard deviation across sample means. 
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fraction. Both demonstrate negative but insignificant relationships (P > 0.05) between 
these parameters. Figure 4.14 presents the MWF as a function of myelin thickness in 
panel A, demonstrating a linear relationship with the black dashed line (R = 0.95, P > 
0.05). The RST region appeared to be an outlier and was excluded for the linear fit 
denoted by the dashed gray line. Exclusion of the RST region resulted in a significant 
correlation between the MWF and myelin thickness, R = 0.95, P = 0.04. Panel B shows 
the MWF as a function of axon diameter with a linear fit of all WM tracts indicated with 
the dashed black line. Inclusion of all regions for the comparison of MWF to axon  
diameter also resulted in a weak and insignificant correlation, R = 0.47, P > 0.05. Once 
again, the RST region appeared as an outlier and was excluded, resulting in a strong  
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Figure 4.14 – MWF as a function of A) myelin thickness and B) axon 
diameter. Black dashed line indicates linear fit to all WM tracts while dashed 
gray line indicates fit excluding RST region. 
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correlation of 0.92 (P = 0.08) with the gray dashed line indicating a linear fit of the 
remaining four WM tracts with axon diameter. 
Further comparison of the MET2 and quantitative histology parameters were based on 
the relationship between the myelin water fraction and the myelin water density, 
 
MWF = MF  m ,     [4.4] 
 
where MF is the myelin fraction derived from histology and m  is the myelin water 
density. Figure 4.15 correlates the ratio of MWF/MF to the myelin thickness, essentially 
comparing the apparent myelin water density ( ˜ m) to the myelin thickness in each ROI. 
The correlation coefficient was 0.70 with P < 0.2, indicating the possible existence of 
different m values in different spinal cord tracts. 
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Figure 4.15 – The ratio of MWF/MF, analogous to the m, as a function of 
myelin thickness. 
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Elaboration of this postulated m variation leads to the relation of T2 to m. The local 
water density within the tissue is known to affect the T2 distribution [35]. The 
macromolecules in myelin can be related to the presence of a contrast agent, 
 
R2  R2o + r myelin[ ] ,     [4.5] 
 
where R2 is the inverse of T2, R2o is the initial R2 value and r is the relaxivity of myelin 
and [myelin] is the concentration of the myelin. This [myelin] is inversely proportional to 
the myelin water density, m, making Eq. [4.5] 
 
R2  R2o + r m ,            [4.6] 
 
indicating that R2 is dependent on the inverse of the myelin water density. Assuming the 
R2 is dominated by the r m  term, 
 
R2  r m
,      [4.7] 
 
leads to the conclusion that a change in myelin R2 is inversely proportional to a change in 
the myelin water density. Therefore,  
 
T2 
m
r ,      [4.8] 
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based on the relation between T2 and R2.  
The inter-sample variation in myelin T2 values blurred intra-sample comparisons 
therefore the relation between T2 ROI values was examined for each sample. The T2 for 
the RST region was used as a reference point to calculate a T2 for each sample with  
 
T2 = T2ROI T2RST ,     [4.9] 
 
where T2
RST  is the mean T2 for the pixels within RST region and T2
ROI  denotes the other 
white matter tracts. This T2 was calculated for each WM tract within each sample and 
error was defined as the standard deviation among samples for each WM tract, the mean 
T2 is plotted against the ˜ m  for each WM tract in Figure 4.16 . Panel A shows this 
relation for the myelin with a correlation coefficient of 0.98 (P = 0.001) and panel B for 
the intra- and extra-axonal space with a correlation coefficient of 0.97 (P = 0.007). 
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Histology Compared to qMT  
The results of quantitative histology are compared to the results of qMT measures for 
high-correlation ROIs in Figure 4.17. Panel A shows the relation between the PSR and 
the myelin fraction for the transverse ROIs. The black dashed line indicates a linear fit to 
all ROIs, with the correlation coefficient R = 0.11 (P = 0.86), indicating a poor 
correlation. If the VST ROI is eliminated from the fit and correlation, the dashed grey 
line results with a correlation coefficient of R = 0.85 (P = 0.15). Panel B shows the  
relationship between the fast recovery rate, kmf, and the measured myelin fraction, 
showing no dependence of these parameters. 
 
 
 
Figure 4.16 – Results supporting the assumed linear relationship between the 
MWF/MF ratio and the m. A) MWF/MF as a function of T2 for myelin 
component and B) MWF/MF as a function of T2 for intra- and extra-axonal 
component. 
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Figure 4.17 – A) Pool size ratio derived from qMT compared to myelin fraction 
with correlation coefficients and linear fits shown for all ROIs (black) and 
excluding VST (gray). B) Kmf rate derived from qMT compared to myelin 
fraction. 
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Figure 4.18 – Pool size ratio as a function of A) myelin thickness and B) axon 
diameter. Dashed black lines indicate linear fit to all WM tracts while dashed 
gray lines indicate linear fit excluding VST region. 
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The qMT data is also compared to the structural parameters from histology. Figure 4.18 
shows the PSR as a function of A) the myelin thickness and B) the axon diameter. Weak 
correlations were found when all WM tracts were considered but significant correlations 
were found upon exclusion of the VST. The PSR and myelin thickness were correlated 
with R = -0.95 (P = 0.054) and the PSR and the axon diameter were also significantly 
correlated with R = -0.97 (P = 0.02). The comparisons shown in Figures 4.17 and 4.18 
indicate a dependence of PSR on the white matter morphology when the VST tract is 
excluded. 
 
MET2 Compared to qMT 
MET2 measurements are compared to the qMT measurements in Figure 4.19. Panel A 
is a pixel-by-pixel scatter plot of the PSR versus the MWF for all WM tracts. There was a 
weak but significant correlation when considered on this pixel-by-pixel basis. Panel B 
shows the grouped data with error bars indicating the standard deviation of means across 
the six samples for each ROI. The grouping of the means produced a lack of correlation 
between the MWF and PSR measurements. 
Further examination of the pixel-by-pixel analysis is explored on a region of interest 
basis in Figure 4.20. The MWF and PSR relationship is shown for each pixel within the 
regions, the dashed black line indicates a linear fit to the entire data set. The correlation 
coefficients and slopes of best linear fit were all found to be significant based on a P < 
0.05, but the correlation coefficients varied according to the ROI examined. The  
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correlations between the PSR and MWF are shown as a function of the quantitative 
histology measurements in Figure 4.21. The correlation strength was independent of 
parameters extracted from quantitative histology. 
 
 
Discussion 
The white matter tracts of the spinal cord present an attractive system for evaluation of 
quantitative magnetic resonance imaging techniques aimed to probe myelin. Elucidation 
of the sensitivities of quantitative magnetization transfer and multiexponential T2 analysis 
is of great importance for both research and clinical applications. Validation of MRI 
measurements using quantitative histology can uncover how the tissue parameters 
influence different MR measurements. The comparison of histological parameters to both 
MET2 and qMT myelin measurements along with further correlation of the MR 
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Figure 4.19 – A) PSR compared to MWF on a pixel-by-pixel basis. B) PSR 
compared to MWF for group averages, error bars indicate standard deviation 
among sample means. 
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measurements establishes a comprehensive evaluation of these myelin measurement 
techniques. 
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each WM tract. Correlation coefficients for each tract are shown, significance 
indicated with an *. 
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Figure 4.21 – Myelin water fraction and pool size ratio correlation coefficients 
as a function of quantitative histology measurements. 
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Histology 
Histological analysis of the longitudinal sections of the rat spinal cord revealed no 
significant longitudinal variation in myelin fraction, myelin thickness, or axon diameter. 
Ellingson et al. [36] also examined the rat spinal cord longitudinally using apparent 
diffusion coefficient (ADC) in vivo. They found a decrease in the fractional anisotropy 
with increased distance from the brain. This decrease in anisotropy can be attributed to an 
increase in the extra-axonal space in the thoracic and caudal spine. The presented 
findings revealed no trends of tapering or branching along the length of the spinal cord.  
Qualitative differences of histology for different white matter tracts within the 
transverse plane can be observed in the micrographs of Figure 4.4. The appearance of 
these images corresponds to those of Schwartz et al. [37]. The histological measurements 
of axon size and myelin fraction of the presented study correspond well to measurements 
made by Chin et al. [19] who found the average axon diameter in the FG to be 1.1 μm 
and the FC to be 2.7 μm comparing to average axon diameters of 1.8 μm for the FG and 
3.7 mm for the FC in the present study. Previous studies have performed histology on 
white matter tracts in rat spinal cord [19, 37, 38] revealing similar trends as found in the 
presented study. In addition to histological studies, various groups have evaluated the rat 
spinal cord tracts using diffusion MRI [36, 37, 39, 40]. Schwartz and colleagues have 
suggested that the longitudinal ADC is proportional to the axon diameter [40] and based 
on this, similar trends were found for axon diameter using quantitative histology as 
presented in Figure 4.5. This agreement among studies regarding the varying axon 
morphometry supports the use of the spinal cord to examine variation in MR properties.  
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The impact of axon diameter on myelin fraction can be observed in Figure 4.7 where, in 
general, measured myelin fraction increases as axon size decreases. The decreased myelin 
fraction in the VST is due to the increased axon size and fiber heterogeneity as seen in the 
micrographs of Figure 4.4. The VST consistently has the largest and most loosely packed 
axons while the FG (dorsal region) is found to have the smallest axons [19, 38, 40]. The 
experimental results corresponded to expected results pictured in Figure 4.9. Although 
the relationship between axon diameter and myelin fraction was negative for the range of 
axon sizes considered, based on numerical modeling, this relation becomes positive for 
larger axons. 
The axon diameter was also found to influence the myelin thickness. The g-ratio was 
calculated for each fiber examined and is shown in Figure 4.6, panel A, revealing a strong 
relationship as previously found [13-17]. The g-ratio is dependent on axon size as shown 
in Figure 4.6, panel B. The significantly high correlation coefficient indicates the g-ratio is 
not constant for the WM tracts of the rat cervical spinal cord. This variation of the g-
ratio with axon size reveals that the myelin thickness increases with axon diameter. The 
results of g-ratio studies vary widely, but they fall broadly into several groups, regardless 
of the animal or nerve investigated; a) constant values of g-ratio for all fiber diameters [14, 
41, 42], b) g-ratio rising with increasing fiber diameter and reaching a plateau [43-46], c) 
g-ratio continues to rise with increasing fiber diameter without a plateau [47], d) values of 
g-ratio smaller in larger fibers [18], and e) no correlation between g-ratio and fiber 
diameter [48]. The results of the present study support the direct dependency of myelin 
thickness on axon diameter [43-47].  
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Histology Compared to MET2 
Comparing the myelin fraction derived from histology to the MWF measurements did 
not reveal a positive correlation as expected. Previous studies have correlated the MWF 
arising from MET2 with measured myelin fraction and found significant positive 
correlations [6, 27, 49]. These studies examined the optical density of Luxol Fast Blue 
stain. They also included regions of demyelination in their correlation. The lack of 
correlation found for normal white matter in this study and the positive correlations 
found in other studies including demyelinated areas indicate that demyelination could be 
required for a positive correlation between MWF and myelin fraction from histology.  
In addition to the overall myelin fraction, axon morphometry parameters were 
compared to MET2. The MWFs for each WM tract (Figure 4.12) were found to be 
significantly different. The MWF increased with increasing axon size as found in 
histology and previous studies [19, 37, 38] with the exception of the RST. The example 
micrograph in Figure 4.4 and larger standard deviation of axon diameter measurements in 
Figure 4.5 demonstrate the heterogeneity of the RST region. This heterogeneity could 
explain why the MWF is not higher for this region relative to other regions with smaller 
axons. 
While the MWF is accepted to reflect myelin content, the myelin T2 can also reveal 
valuable information regarding the tissue morphometry. T2 relaxation of water in a 
particular environment is a complex phenomenon influenced by many variables including 
proximity of non-aqueous molecules and how far the water molecule diffuses during the 
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T2 time scale. Various groups have examined the properties of the peaks from white 
matter MET2 [3, 50]. The location of a T2 peak can reveal information about the amount 
of water diffusion occurring within the sample or the cellular morphometry. The width of 
the T2 peaks may be sensitive to the cellular homogeneity of the sample but fitting 
techniques present difficulty interpreting this parameter. The width of the T2 peak 
changes with the 2 misfit of the NNLS fit. The absolute peak width is difficult to 
interpret because it could be the intrinsic width of a single peak or indistinguishable 
narrow peaks.  
Examination of the MET2 characteristics can reveal valuable information about the 
tissue. The relation between myelin fraction and myelin T2 is not clearly defined. A 
negative correlation was found between the histological myelin fraction and the myelin 
T2, disagreeing with results from Stanisz [30], which included demyelinated regions in 
the correlations. Significant differences were found between FC and FG, ReST, and RST 
as well as between VST and FG, ReST, and RST resonating the known histological 
differences among these regions.  
From Eq. [4.4] and [4.7], T2 and MWF/MF can be related to the water density of 
myelin, m. This relationship is shown in Figure 4.16 where the change in T2 is found to 
be proportional to the MWF/MF, indicating that the MET2 parameters reflect information 
about the local m. The water density of myelin has been pinned at 0.4 by Morell [51], 
but other studies have found ranges of 0.3 – 0.5 [52-54]. A range of m = 0.35 – 0.70 was 
found in this study. The higher values of this calculation could be caused by a bias in the 
MWF measurement causing over estimation of m. These higher values of m could also 
be a result of a bias in the MF measurement based on the manual morphometry, which 
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were found to be lower than the semi-automated methods in Chapter 3 of this 
dissertation. Based on the results in Figure 4.16, it can be concluded that the myelin water 
density, which can be measured as T2 is reflective of the local myelin thickness. 
Interpretation of axon morphometry effects on the MET2 parameters is complicated due 
to the numerous tissue aspects influencing these measures. Based on the presented 
results, the MWF seems to be a reflection of the myelin thickness and axon diameter 
where a higher MWF indicates thicker myelin and larger axons. In this respect, variations 
in the MWF for different WM regions found by Whittall et al. [35] should correspond to 
different myelin thickness and/or axon size for these regions but limited histological 
information is available for all WM areas in question. The axon diameter is known to 
change in the human corpus callosum, with fiber diameter being smaller in the anterior 
(genu) region and decreasing toward the central region, then increasing again in the 
posterior (splenium) [55]. In addition, the genu is comprised of 16% unmyelinated fibers 
compared to < 5% for other WM regions [55]. This presents difficulties interpreting the 
MWF values Whittall et al. measured in normal human WM. The relatively higher MWF 
found in the splenium may indicate larger fibers and thicker myelin. Alternately, the 
relatively lower MWF of the genu could be a consequence of the high percentage of 
unmyelinated fibers. Overall, the direct relation between MWF and axon morphometry 
found in the excised rat spinal cord corresponds well with selected MWF measurements 
in the human brain [35].  
In addition, the properties of the MET2 spectra are affected by water exchange between 
the myelin and intra- and extra-axonal compartments in the tissue [56]. Evidence exists 
suggesting relatively slow exchange in CNS tissue [11, 57, 58], but not completely 
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negligible. The effects of water exchange on the MET2 signal in the context of WM were 
examined in Chapter 1 of this dissertation. If water exchange is fast in relation to T2, the 
apparent T2 of myelin, T2
'mye , as well as the apparent Mo of myelin, Mo
'mye , will be smaller 
than the actual values. Thinner myelin could create such an environment in which water 
exchange would be fast compared to the T2, impacting the MET2 results. Fast exchange 
could exist in WM tracts with relatively thin myelin (FG, ReST, and RST) explaining the 
relatively low MWF and T2
mye  observed. Underestimation of these values could account 
for the lack of correlation found between MWF and MF (Figure 4.13). This 
underestimation due to exchange could also explain the relatively low m (MWF/MF) 
values calculated for the WM tracts with thinner myelin, as seen in Figure 4.16. 
Consequently, the presence of fast exchange can cause the apparent relaxation decay 
curve to differ significantly, resulting in difficulties comparing the MET2 results from 
regions with unique morphometry. 
 
Histology Compared to qMT 
Quantitative MT measurements are expected to reflect intrinsic properties of the tissue 
such as myelin fraction, but correlation of the PSR and myelin fraction revealed no 
significant relation. This lack of correlation agrees with Odrobina’s study in normal white 
matter tissue [59]. If the VST region is eliminated from the correlation based on the 
increased size and spacing of the axons and concomitant alteration of the cytoskeletal 
proteins, a higher correlation is observed, (Figure 4.17 panel A, dashed grey line) but is 
still not significant. The PSR also reveals an improved correlation with axon diameter 
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and myelin thickness when the VST is excluded (Figure 4.18). The negative relationship 
between these fiber parameters could indicate that PSR is related to the axon density, 
which is proportional to the axon diameter in the cervical spinal cord where fibers are 
well organized. The VST is known to have a lower g-ratio and larger fibers. It seems that 
the PSR measurements provide more reliable information when examining tracts that 
include highly-myelinated, tightly packed axons. 
MWF and PSR are not directly measuring a single tissue parameter. Expected relations 
between MR parameters and histological myelin fraction was not observed for either 
technique, conflicting with expected results. The MWF seems to be a good indicator of 
the local myelin water density in the situation of slow exchange. The m can reveal 
information about the myelin thickness of the constituent axons. The PSR proves to be 
indicative of axon diameter or axon density, but is not nearly as sensitive based on the 
outlier results of the VST region. Future studies incorporating a pixel-by-pixel analysis of 
qMT, MET2, and corresponding histology data are needed to further examine the white 
matter tract properties and the sensitivities of the MR techniques. 
The techniques of qMT and MET2 are both probing the properties of myelin in the 
examined tissue. Logically, the resulting parameters would be related. Figure 4.19 A 
reveals a significant, but weak pixel-by-pixel correlation between the MWF and PSR. 
These results agree with those of Vavasour et al. [24] and Tozer et al. [28].Vavasour 
found an R = 0.5 (P < 0.05) in human WM including demyelinated regions affected by 
multiple sclerosis, but Tozer et al. included only normal WM, finding an R = 0.6 (P < 
0.05). Grouping the ROIs as shown in Figure 4.19 B eliminates the relation between the 
PSR and MWF, agreeing with various other attempts to correlate MWF and MTR [5, 30, 
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60], as well as PSR [29]. The lack of significant correlation between regions with known 
variation in tissue parameters indicates the methods are measuring different but 
complementary aspects of tissue structure. 
If each region is examined individually on a pixel-by-pixel basis, Figure 4.20, it is 
apparent that for some regions the correlation is better. The strengths of the regional 
correlations are shown in Figure 4.21, which indicates that the relation between PSR and 
MWF does not depend on tissue morphometry. Interestingly, the relation between PSR 
and MWF are strongest in regions of median histological parameters. The weakest 
relation is found in the VST, another indication of uniqueness in this region explained by 
increased amounts of collagen and extracellular matrix [61]. In addition, when 
considering the linear fits to the pixel-by-pixel correlations, a higher intercept is found for 
VST, indicating a higher concentration of macromolecules not associated with myelin 
such as neurofilaments and microtubules, which could contribute to the MR 
measurements.  
The MET2 parameters are typically considered more specific indicators of myelin 
content while MT measurements are found to be more sensitive to physiological changes 
to myelin resulting from inflammation [1, 4, 27, 49]. The present study reveals the 
sensitivity of MET2 to the tissue morphology. While there was no direct correlation 
between MWF and myelin fraction, the relative location of the myelin T2 was found to be 
proportional to the local myelin thickness in the white matter tracts of the spinal cord. 
While this is not a specific indicator of myelin content, it reveals important information 
about the local myelin properties. The PSR measurements were found to be related to the 
tissue architecture as well, particularly to the axon diameter of a tissue. These tissue 
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parameters would be influenced by inflammation, corresponding well with the 
established relationship between MT measurements and pathology. 
Further studies involving demyelination models could increase the range of 
measurements, potentially strengthening the relationship between PSR and MWF, as well 
as help elucidate the sensitivity of each MR technique. Corresponding quantitative 
histology is imperative due to the complex nature of pathologies. Further examination 
involving direct correspondence between MR and histology could distinguish 
concomitant pathologies of inflammation, axonal loss, and demyelination as well as 
evaluate responses to treatments. Ultimately, distinctions could be made in regards to 
myelin thickness as well as axon diameter and density based on MR properties.  
 
Conclusions 
Quantitative histological measurements were performed on the cervical spine sections. 
G-ratios were found to vary with axon size, revealing a dependence of myelin thickness 
on with axon diameter. Comparison of the myelin fraction to the MWF measurements did 
not reveal a positive correlation, although the MWF was found to increase with increasing 
axon size. The myelin T2 was also compared to quantitative histology measures, revealing 
that the myelin water density, which can be measured as T2 is dependent on the local 
myelin thickness. 
Correlation of the PSR and myelin fraction also revealed no significant relation, 
indicating that MWF or PSR are not directly measuring a single tissue parameter, direct 
correspondence between MR parameters and histological myelin fraction was not 
observed for either technique. The relative myelin T2 seems to be a good indicator of the 
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local myelin water density, which can reveal information about the myelin thickness of 
the constituent axons. The PSR proves to be indicative of axon diameter. Future studies 
incorporating a pixel-by-pixel analysis of qMT, MET2, and corresponding histology data 
are in order to further examine the white matter tract properties and the sensitivities of the 
MR techniques. 
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CHAPTER V 
 
 
CONCLUSIONS 
 
 
 
Most magnetic resonance imaging techniques offer tissue contrast but provide limited 
information regarding the variation of the magnetic resonance signal that exists on a 
smaller scale. The magnetic resonance signal is a reflection of the tissue compartments 
within the imaging voxel. Analysis of this signal can better characterize the micro-
anatomical heterogeneity tissue, white matter in particular. Many questions remain with 
regard to the compartmental contributions for the various types of MRI contrast. This 
project utilized a variety of in vitro studies as well as simulations to better characterize the 
contribution of different water compartments to conventional MRI methods providing 
understanding of the complex combination of the various relaxation and exchange 
properties important in developing an anatomical basis for interpreting magnetization 
transfer and T2 weighted images, particularly with respect to myelination. 
Simulations were used to investigate data requirements for multicomponent T2 
analysis under experimental conditions common for clinical and research MRI scanners. 
Sweepwidth, minimum TE, and matrix size combinations were found over a range of 
typical research parameters for optimal MET2 quantification of myelin.  
 Histological analysis was used to evaluate the results of MR measurements. A semi-
automated measurement technique was evaluated for application to histological images of 
rat cervical spine. The semi-automated results were compared to those of manual 
measurement. Direct comparison of myelin thickness and axon diameter for twenty axons 
resulted in a good correlation, but further analysis with a larger sample size did not 
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correlate well. The semi-automated measurement distributions did not accurately 
represent the myelin thickness and axon diameters due to threshold and neighboring 
axons biasing the measures. Based on the results of this evaluation, the most robust and 
reliable method for measurement of myelin thickness and axon diameter is the manual 
measurement technique. 
Quantitative histological measurements were performed on the cervical spine sections. 
G-ratios were found to vary with axon size, revealing a dependence of myelin thickness 
on axon diameter. Comparison of the myelin fraction to the MWF measurements did not 
reveal a positive correlation as expected although the MWF was found to increase with 
increasing axon size. The lack of correlation found for normal white matter in this study 
and the positive correlations found in other studies including demyelinated areas indicate 
that demyelination could be required for a positive correlation between MWF and myelin 
fraction from histology. The myelin T2 was also compared to quantitative histology 
measures, revealing that the myelin water density, which can be measured as T2 is 
dependent on the local myelin thickness. 
Correlation of the PSR and myelin fraction also revealed no significant relation, 
indicating that MWF or PSR are not directly measuring a single tissue parameter, 
correspondence between MR parameters and histological myelin fraction was not 
observed for either technique, conflicting with expected results. The relative myelin T2 
seems to be a good indicator of the local myelin water density, which can reveal 
information about the myelin thickness of the constituent axons. The PSR proves to be 
indicative of axon diameter. Future studies incorporating a pixel-by-pixel analysis of 
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qMT, MET2, and corresponding histology data are in order to further examine the white 
matter tract properties and the sensitivities of the MR techniques. 
The white matter tracts of the spinal cord present an ideal system for evaluation of 
quantitative magnetic resonance imaging techniques aimed to probe myelin. Elucidation 
of the sensitivities of quantitative magnetization transfer and multiexponential T2 analysis 
is of great importance for both research and clinical applications. Validation of MRI 
measurements using quantitative histology can uncover the tissue parameters influencing 
the different MR measurements. The comparison of histological parameters to both 
MET2 and qMT myelin measurements along with further correlation of the MR 
measurements establishes a comprehensive evaluation of these myelin measurement 
techniques. 
